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SUMMARY

Pore-forming toxins (PFTs) are the most common bacterial cyto-
toxic proteins and are required for virulence in a large number of
important pathogens, including Streptococcus pneumoniae, group A
and B streptococci, Staphylococcus aureus, Escherichia coli, and Myco-
bacterium tuberculosis. PFTs generally disrupt host cell membranes,
but they can have additional effects independent of pore formation.
Substantial effort has been devoted to understanding the molecular
mechanisms underlying the functions of certain model PFTs. Like-
wise, specific host pathways mediating survival and immune re-

sponses in the face of toxin-mediated cellular damage have been de-
lineated. However, less is known about the overall functions of PFTs
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during infection in vivo. This review focuses on common themes in
the area of PFT biology, with an emphasis on studies addressing the
roles of PFTs in in vivo and ex vivo models of colonization or infec-
tion. Common functions of PFTs include disruption of epithelial bar-
rier function and evasion of host immune responses, which contrib-
ute to bacterial growth and spreading. The widespread nature of PFTs
make this group of toxins an attractive target for the development of
new virulence-targeted therapies that may have broad activity against
human pathogens.

INTRODUCTION

Bacterial infections are a leading cause of morbidity and mor-
tality worldwide, and bacteria can cause infections in nearly all

host tissues. Furthermore, health care-associated urinary tract in-
fections, pneumonia, skin and soft tissue infections, invasive
bloodstream infections, and surgical-wound infections are in-
creasingly common (1, 2). The usual method of treating bacterial
infections is by local or systemic administration of broad-spec-
trum antibiotics. Excessive use of antibiotics is, however, common
practice in many countries and is a leading cause of the rise of
multidrug-resistant pathogenic bacterial strains (3).

Several well-known pathogenic bacteria have developed into
highly antibiotic-resistant strains. Examples are Staphylococcus
aureus, Streptococcus pneumoniae, Escherichia coli, and Mycobac-
terium tuberculosis (1, 2). A common denominator of these drug-
resistant strains, as well as of many other major pathogenic bacte-
ria, is that they employ pore-forming toxins (PFTs) as virulence
factors. PFTs are common among bacteria, and about 25 to 30%
of cytotoxic bacterial proteins are PFTs, making them the single
largest category of virulence factors (4, 5). Because of their nearly
universal presence in bacterial pathogens, PFTs are a unique and
important target for research into novel, broadly applicable anti-
microbial prophylactics and therapeutics.

PFTs function to perforate membranes of host cells, predom-
inantly the plasma membrane but also intracellular organelle
membranes (6). They are classically hypothesized to do so in order
to directly kill target cells, for intracellular delivery of other bacte-
rial or external factors (7, 8), to release nutrients (9), or for pha-
gosomal escape in the case of intracellularly acting PFTs (10). Loss
of their PFTs generally causes pathogenic bacteria to be less viru-
lent or completely avirulent (see below and Table 1). Conversely,
transgenic expression of a PFT can turn an otherwise harmless
bacterium into a parasite or a pathogen (224, 225).

PFT Mechanism of Action

PFTs are generally secreted as water-soluble molecules. Recogni-
tion and binding to a specific receptor cause them to associate with
the target membrane, form multimers, and undergo a conforma-
tional change, leading to the formation of an aqueous pore in the
membrane (16, 226) (Fig. 1).

PFTs can be classified based on the secondary structure of the
regions that penetrate the host cell plasma membrane, which gen-
erally consist of either �-helices or �-barrels, and the specific tox-
ins may be referred to as �-PFTs or �-PFTs. The majority of bac-
terial PFTs are �-PFTs, which also form the most-studied group
(227). The large-pore-forming cholesterol-dependent cytolysins
(CDCs), produced by Gram-positive and some Gram-negative
bacteria, are a �-PFT subclass (4, 227, 228). The small-pore-form-
ing repeat in toxin (RTX) toxins, produced by Gram-negative

bacteria, form a large group of PFTs, but their classification and
mechanism of pore formation remain unclear (4). Another useful
form of classification, especially with regard to host defenses, is by
the size of the pore that is formed (227). Bacterial PFTs generally
form either small (0.5 to 5 nm) or large (20 to 100 nm) pores, and
host cellular defenses against the different classes only partially
overlap (229–232). Examples of the different classes of PFTs are
shown in Fig. 2.

Various host cell receptors for PFTs have been identified, in-
cluding glycosylphosphatidylinositol (GPI)-anchored proteins,
other membrane proteins (e.g., ADAM10 and CCR5), lipids, and
cholesterol (5, 233, 234). The target cell tropism of PFTs varies
widely, one important cause of which is their various receptor
specificities, and host or cell type specificity can be altered in vitro
by genetic modification of PFTs (235–237).

Many bacteria produce toxins that are presumed to be PFTs
based on their sequence or properties. A number of reviews have
been written that extensively cover the biochemical properties and
in vitro effects of bacterial and eukaryotic PFTs (4–6, 9, 16, 227,
229, 238, 239). For numerous human-pathogenic bacteria, as well
as several economically important bacteria that are pathogenic to
animals, there is direct proof or considerable circumstantial evi-
dence that a PFT is expressed during infection and contributes
significantly to virulence in vivo. We have listed such bacteria in
Table 1. For a smaller group of bacteria, there are also in vivo data
on the mechanisms through which their PFTs contribute to infec-
tion. After a summary of known PFT defense mechanisms, this
review focuses on the contributions of PFTs to infections by 10 of
the most-studied PFT-wielding bacterial pathogens, as deter-
mined by the study of in vivo and ex vivo infection models and
clinical and epidemiological data. Although effects of PFTs are
highly diverse, a number of common themes could be identified
and provide the structure for this review. Relevant background
information on the 10 bacteria is provided in Table 2.

PFT EFFECTS AND CELLULAR DEFENSE MECHANISMS

The search for mechanisms of action shared by PFTs has involved
predominantly in vitro studies on simplified target systems (lipid
bilayers, cultured cells, and primary cells) and studies on the in
vivo model involving the nematode Caenorhabditis elegans and the
Bacillus thuringiensis crystal toxin PFT Cry5B. These studies have
led to an understanding of the molecular requirements for attack,
oligomerization, and pore formation. In addition, a number of
important host defense and cell death pathways and membrane
repair mechanisms have been identified. Nonetheless, several
caveats deserve consideration in interpreting these studies, some
of which extend to studies discussed in the section on in vivo PFT
effects. First, because these studies use purified toxin, cells may be
exposed to artificially high doses of toxin. Such doses may not be
physiologically relevant and hence could result in responses that
are not reflective of those seen during an infection. Second, puri-
fied PFTs may behave differently in isolation compared to their
behavior in the presence of their pathogen or additional virulence
factors. Third, PFTs can affect expression of other genes in their
source bacteria (143) and hence may play roles that extend beyond
their cytotoxic properties. Lastly, it can be unclear whether an
observed response benefits the host, the pathogen, or both.
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TABLE 1 PFTs with in vivo data supporting a role in bacterial virulence

Species PFT Classa
Reference(s) for
pore formationb

Reference(s) for in
vivo virulencec

Actinobacillus pleuropneumoniae ApxI RTX 11 12–14
ApxII RTX 11 12–14
ApxIII RTX 11 11
ApxIV RTX 15 15

Aeromonas hydrophila Aerolysind � 16, 17 18–20
Hemolysin (HlyA) 21 18, 20
Aerolysin cytotoxic enterotoxin (ACT)d 22 23

Arcanobacterium pyogenes Pyolysin (PLO) CDC 24, 25 26, 27
Bacillus anthracis Protective antigen (PA) � 28 29–31

Anthrolysin O (ALO) CDC 32, 33 34

Bacillus cereus Nonhemolytic enterotoxin (Nhe) RTX 35, 36 37
Hemolysin BL (HBL)e 38, 39 38, 40
Cytotoxin K (CytK) � 41, 42 37
Hemolysin II (HlyII) � 43 37

Bacillus sphaericus Sphaericolysin CDC 44 44
Binary toxin (Bin) � 45–47 45

Bacillus thuringiensis Crystal (Cry) toxins � 48–55 56–58
Cytolytic (Cyt) toxins 56, 59 56

Bordetella pertussis Adenylate cyclase toxin (ACT/CyaA)f RTX 60, 61 62, 63–66
Clostridium bifermentans Crystal (Cry) toxins � 67, 68 67
Clostridium botulinum Botulinolysin (BLY) CDC 69, 70 71, 72
Clostridium perfringens NetB � 73 73–75

�-Toxin � 76 77, 78
ε-Toxin (ETX) � 79, 80 81, 82
Perfringolysin (PFO, �-toxin) CDC 83–85 86, 87
Enterotoxin (CPE) � 88 89

Clostridium septicum Alpha-toxin � 90 91–93
Clostridium tetani Tetanolysin CDC 94 95
Enterococcus faecalis Cytolysin (Cly)g 96, 97 96, 97
Escherichia coli Hemolysin A/�-hemolysin (HlyA) RTX 4 98–103
Gardnerella vaginalis Vaginolysin (VLY) CDC 104 105, 106
Helicobacter pylori TlyA 107 107

VacAh � 108 109

Listeria monocytogenes Listeriolysin O (LLO)i CDC 10, 110 111–116
Moraxella bovis MbxA RTX 117, 118 117
Mycobacterium marinum 6-kDa early secreted antigenic target (ESAT-6) 119 119–121
Mycobacterium tuberculosis 6-kDa early secreted antigenic target (ESAT-6) 122, 123 121, 124
Pseudomonas aeruginosa Exotoxin A (ETA)j � 16 125–130
Salmonella entericak Cytolysin A (ClyA) � 131 132, 133
Serratia marcescens Hemolysin (Shla) 134–136 137–139
Staphylococcus aureus Panton-Valentine leukocidin (PVL) � 140–142 143–149

Alpha-toxin/�-hemolysin � 150, 151 152–160
LukGH/LukAB � 140, 161, 162 161
LukED 163 164
�-Hemolysin � 142, 165, 166 152, 154, 167, 168

Streptococcus agalactiae (GBS) CAMP factor (cocytolysin) 169 170, 171
�-Hemolysin/cytolysin (�-h/c) 172–174 175–179

Streptococcus pneumoniae
(Pneumococcus)

Pneumolysin (PLY) CDC 180 177, 181–185

Streptococcus pyogenes (GAS) Streptolysin O (SLO) CDC 5, 186 187–193
Streptolysin S (SLS) 194 188, 189, 191, 195, 196

Streptococcus uberis CAMP factor 197 198
Vibrio cholerae Cytolysin (VCC) � 199–202 203–210

MARTXl RTX 211 207–210, 212

Vibrio parahaemolyticus Thermostable direct hemolysin (TDH) 213–216 217–219

a �, �-PFT; �, non-CDC �-PFT; RTX, RTX family PFT; CDC, �-PFT of CDC subclass. If the field is blank, the PFT falls into a unique category, or no clear classification could be
found in the literature. See the text for further details on the classifications.
b References describe direct proof of pore formation, where available; otherwise, they contain considerable circumstantial evidence.
c References describe a role in in vivo infection models or in virulence for the purified toxin or contain evidence that the PFT is expressed during infection.
d Aerolysin and Act have been argued to be one and the same toxin (220).
e HBL is a tripartite toxin consisting of three separately secreted proteins.
f ACT is a fusion of a PFT and a calmodulin-activated adenylate cyclase enzyme.
g Cly is a two-peptide toxin that is unique in that it is both a hemolytic toxin and a bacteriocin.
h VacA is hypothesized to be an A-B toxin with a pore-forming instead of an enzymatic A subunit. The pore-forming domain is delivered to mitochondria of epithelial cells and
induces apoptosis (221).
i LLO is the subject of a recent, detailed review (222).
j ETA is a fusion of a PFT and a toxin that inhibits protein translation; although there is a fair body of in vivo data, it is unclear which of ETA’s effects are caused by its PFT function.
k Exclusively serovars Typhi and Paratyphi A.
l MARTX is an RTX family member but may not have pore-forming capability.
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MAPK Pathways

Using C. elegans and Cry5B, the first functional molecular PFT
defense pathways were identified, involving p38 mitogen-acti-
vated protein kinase (MAPK) and the c-Jun N-terminal (JNK)-
like MAPK KGB-1 (309). p38 MAPK was shown to be important
in mammalian cells in defense against the Aeromonas hydrophila
PFT aerolysin and S. aureus alpha-toxin (230, 309). p38 activation
is seen in vivo with B. thuringiensis Cry toxins and in vitro with
numerous PFTs, including S. pneumoniae pneumolysin (PLY), S.
aureus alpha-toxin, group A streptococcus (GAS) streptolysin O
(SLO), Bacillus anthracis anthrolysin O (ALO) (230, 310), Gard-
nerella vaginalis vaginolysin (VLY) (104), A. hydrophila aerolysin
(309), Listeria monocytogenes listeriolysin O (LLO) (311), and Lac-
tobacillus iners inerolysin (ILY) (312). p38 was further shown to be
activated by and required for defense against Cry toxin in vivo in
the lepidopteran Manduca sexta and the dipteran Aedes aegypti
(313). The activation of p38 in response to PFT is thus evolution-
arily strongly conserved. Activity of JNK and extracellular signal-
regulated kinase (ERK) MAPKs was also identified on several oc-
casions in vitro (M. tuberculosis 6-kDa early secretory antigenic
target [ESAT-6] [314], S. pneumoniae PLY [315], GAS SLO [316],
A. hydrophila aerolysin, and L. monocytogenes LLO [311]) and in
vivo, in C. elegans (with B. thuringiensis Cry5B) (231). Activator
protein 1 (AP-1; Fos/Jun), functioning downstream of JNK, is
involved in C. elegans in defenses against PFTs that form small
pores (Cry5B) as well as against PFTs that form large pores (SLO).
A role for AP-1 in defense against SLO was confirmed in vitro in
mammalian cells (231). LLO and B. anthracis protective antigen
(PA; a component of anthrax toxin and a PFT [Table 2]) can
activate ERK, and both p38 and ERK can function to restore po-
tassium homeostasis in cells damaged by PFTs (311). Thus, the
p38, JNK, and perhaps ERK MAPK pathways are arguably the
main mediators of physiological PFT defense pathways.

Potassium Efflux-Dependent Defenses, Including
Inflammasome Activation

An important consequence of pore formation by PFTs is the efflux
of cellular potassium. Aerolysin-induced potassium efflux was
found to induce the activation of the Nod-like receptor pyrin do-
main-containing 3 (NLRP3) inflammasome and cysteine-aspartic
protease 1 (caspase-1). Caspase-1 activates sterol regulatory ele-
ment-binding proteins (SREBPs), which are central regulators of

membrane lipid biogenesis, contributing to cellular survival
(317). PFTs can also trigger apoptosis, which in the case of S.
aureus alpha-toxin and aerolysin is dependent upon caspase-2.
Preventing the PFT-associated efflux of potassium inactivated
caspase-2, and inhibition of caspase-2 inhibited PFT-induced
apoptosis (318). Potassium efflux was also found to be required
for PFT-induced autophagy (311, 319) and to mediate p38 MAPK
activation by S. aureus alpha-toxin, Vibrio cholerae cytolysin
(VCC), SLO, and E. coli hemolysin A (HlyA) (320). As mentioned
above, p38 and ERK activation promotes the recovery of disturbed
potassium levels (311).

Other Cellular Defenses

The endoplasmic reticulum (ER) unfolded protein response
(UPR) pathway is a key functional downstream factor of p38
MAPK in C. elegans defense against Cry5B, and the ER UPR was
also activated in mammalian cells in response to aerolysin (321).
The UPR may function to arrest protein synthesis, which has also
been observed in vitro in response to L. monocytogenes LLO and B.
anthracis PA, although in those cases the inhibition of protein
synthesis occured independent of the UPR (311).

The hypoxia response pathway is also involved in C. elegans
defense against B. thuringiensis Cry toxins (203). This pathway
involves downregulation of hypoxia inducible factor 1� (HIF-1 in
C. elegans) by prolyl hydroxylase, Von Hippel-Lindau tumor sup-
pressor protein, and regulator of hypoxia-inducible factor
(EGL-9, VHL-1, and RHI-1, respectively, in C. elegans). Muta-
tions in egl-9, vhl-1, and rhi-1, which increase the activity of the
hypoxia pathway, lead to resistance to Cry toxins, whereas a mu-
tation in hif-1, which decreases pathway activity, leads to Cry toxin
hypersensitivity. These results extended to the V. cholerae PFT
cytolysin (VCC). Interestingly, however, whereas activity of the
hypoxia pathway protected against a V. cholerae strain with VCC,
it caused hypersensitivity to V. cholerae lacking VCC. Thus,
whereas host factors may protect against one type of virulence
factor, they may cause hypersensitivity to others (203), causing the
host to face a difficult challenge. VCC was also shown to cause
formation of vacuoles in C. elegans intestinal cells, consistent with
earlier in vitro observations (204). The role of these vacuoles re-
mains unclear.

Another pathway found to play a role in PFT defense is the
insulin/insulin-like growth factor 1 (IGF-1) pathway. Loss of the
insulin receptor, DAF-2, causes C. elegans to become resistant to
Cry5B. This effect was found to depend not only on the canonical
downstream forkhead transcription factor DAF-16 but also on a
novel pathway arm involving WW domain protein 1 (WWP-1)
(322). �-Defensins have been found to function in PFT defense in
vitro (323).

Calcium-Dependent Membrane Repair Mechanisms

In addition to an efflux of potassium, PFT membrane pores often
result in an influx of calcium. Ca2� influx is a known trigger of
apoptosis (324), a PFT response that has been observed in various
cell types (238), and it can affect the vesicle trafficking machinery.
GAS SLO-induced calcium influx triggers the exocytosis of lyso-
somes and extracellular release of the lysosomal enzyme acid
sphingomyelinase. Acid sphingomyelinase was found to subse-
quently induce endocytosis, which contributed to membrane re-
pair (325, 326). During endocytosis, PFT pores are taken up into
the cells, ubiquitinated, and then, through activity of the ESCRT

FIG 1 Generalized mechanism of pore formation by PFTs. Soluble PFTs bind
membrane receptors, which leads to oligomerization and insertion of an aque-
ous pore into the plasma membrane (5). Note that during the oligomerization
step, some PFTs remain associated with their receptor, whereas others have
already disassociated at this point.
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machinery, targeted to lysosomes for degradation (327). S. aureus
alpha-toxin also enters cells via endocytosis, is transported via late
endosomes, and then disappears from the cells. Alpha-toxin mul-
timers, however, were not broken down in acidic compartments
but were expelled from cells via exosome-like vesicles called toxo-
somes (328).

A recent study showed that vesicle trafficking pathways also
protect cells against PFTs in vivo. Intoxication of C. elegans by
Cry5B and V. cholerae VCC was found to trigger increased rates of
endocytosis in intestinal cells. Loss of either of the two key Rab

proteins (RAB-5 and RAB-11), master regulators of early endo-
some and recycling endosome functions, resulted in significant
decreases in Cry5B-induced endocytosis in intestinal cells. Loss of
RAB-5 and RAB-11 furthermore resulted in strong hypersensitiv-
ity of C. elegans to Cry5B, and both were required to restore the
integrity of the plasma membranes of intestinal cells following
Cry5B attack. This demonstrates a correlation between RAB-5,
RAB-11, PFT-induced endocytosis, restoration of plasma mem-
brane integrity, and survival of the whole organism. RAB-11 was
additionally found to be required for PFT-induced expulsion of

FIG 2 Protein structures of various PFT classes. (A and B) Structures of a single molecule (A) and an assembled pore (B) of the E. coli �-PFT HlyE (295, 296)
(Protein Data Bank [PDB] accession number 1QOY). (C) Structure of aerolysin, a �-PFT produced by A. hydrophila (485) (PDB accession number 1PRE). (D)
PFO monomer (83) (PDB accession number 1PFO). (E) Hypothetical arrangement of CDC monomers into an assembled pore. This image was created by
mapping PFO monomers onto a PLY cryo-electron microscopy (cryo-EM) image (180) (PDB accession number 2BK1). Structures were visualized using PyMOL
(D) or MMDB (486) (A to C and E).
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microvilli from the enterocyte cell surface, which is hypothesized
to be part of the membrane repair mechanism and is also observed
in vitro with other PFTs, including Vibrio parahaemolyticus ther-
mostable direct hemolysin and GAS SLO (329–331).

ROLE OF BACTERIAL PFTs IN INFECTION AND HOST
RESPONSES TO PFTs IN VIVO

Innate Immune Responses to PFTs

The innate immune system recognizes specific pathogen-associ-
ated molecular patterns (PAMPs) via pattern recognition recep-
tors (PRRs) such as the Toll-like receptors (TLRs) and Nod-like
receptors (NLRs), which results in the triggering of innate im-
mune responses, including cytokine signaling, phagosome matu-
ration, inflammasome activation, and autophagy (332). The TLRs
generally signal via the adaptor myeloid differentiation primary
response gene 88 (MyD88) and several downstream cascades, in-
cluding the p38 and JNK MAPK and NF-�B pathways, resulting in
the expression of proinflammatory cytokines (333). The inflam-
masome is a multiprotein complex that can be activated by PRRs
as well as other factors, such as potassium efflux (see PFT Effects
and Cellular Defense Mechanisms). The inflammasome (the best-
studied one is the NLRP3 inflammasome) is involved in activation
of caspase-1, which promotes the maturation of interleukins
(334).

The main cytokines studied in vivo in the context of PFTs are
tumor necrosis factor alpha (TNF-�), interleukin-1� (IL-1�), and
IL-6, which are produced mainly by mononuclear phagocytes
(335). TNF-� is strongly induced by lipopolysaccharides (LPS) via
TLR2 and TLR4, and it activates neutrophils and attracts granu-
locytes. IL-1� is activated by caspase-1; it has TNF-�-like effects
and additionally induces proliferation of lymphocytes (335).

IL-6 is capable of stimulating both proinflammatory and anti-
inflammatory signaling pathways, dependent upon a soluble re-
ceptor and signaling via the trans-signaling pathway and depen-
dent on a membrane-bound receptor and signaling via the classic
pathway, respectively (336, 337). IL-6 stimulates B-cell differenti-
ation, activates T cells, and has several other proinflammatory
effects (335). There is abundant evidence to suggest that PFTs
induce IL-6 production, with subsequent stimulation of both the
classic and trans-signaling pathways (175, 338–340). In in vivo
experiments, PFTs trigger shedding of receptors for IL-6 indepen-
dent of pore formation, which broadens the spectrum of IL-6-
responsive host cells and skews the IL-6 response to proinflamma-
tory signaling (341). It is hypothesized that the shedding of the
membrane-bound IL-6 receptor may be due to activation of cell
membrane metalloproteinases following PFT-induced mem-
brane lipid rearrangements or PFT activation of neutral sphingo-
myelinase and generation of ceramide (342). Note that ceramide
production thus contributes to defense against PFT within a single
cell (induced by acid sphingomyelinase [326]; see PFT Effects and
Cellular Defense Mechanisms) and, additionally, may sensitize
other cells via IL-6 receptor shedding.

IL-1� and TNF-� stimulate each other’s production as well as
that of IL-6, while IL-6 may inhibit IL-1� and TNF-� production
(335).

Inflammation. Inflammation often results in epithelial dam-
age. Cases where this was specifically assessed are discussed in
“PFT-Induced Barrier Dysfunction.”

When injected intravenously into mice, S. pneumoniae in-

duced increased levels of systemic IL-6, whereas injection of a
PLY-deficient strain resulted in lower IL-6 levels. The strain lack-
ing PLY established a chronic bacteremia, whereas the strain with
PLY grew exponentially and quickly caused sepsis, likely induced
by gamma interferon (IFN-�). Interestingly, if a stable bacteremia
was established with a PLY-deficient strain, later addition of PLY
was unable to escalate this into sepsis, suggesting that the ability of
PLY to affect the infection outcome in this model is limited to the
first few hours of infection (343). Further work showed that the
host resistance of mice developed during the first days after infec-
tion with the PLY-deficient strain depends on TNF-� and appears
to be independent of IL-1� or IL-6. However, survival beyond the
first days does depend on the ability to produce IL-1� (344).

The recently identified S. aureus PFT LukGH was found to
cause skin inflammation in cynomolgus monkeys but to have little
or no effect in mice and rabbits compared to that with Panton-
Valentine leukocidin (PVL) (140). Skin abscesses in rabbits
caused by LukGH-deficient and LukGH- and PVL-deficient
strains were larger than those caused by USA300 controls, whereas
an earlier study found that deletion of alpha-toxin led to forma-
tion of smaller abscesses (140, 161, 162, 345). In vitro, LukGH was
cytotoxic to polymorphnuclear leukocytes (PMNs) from mice,
rabbits, monkeys, and humans (140).

Purified PVL causes inflammation of the rabbit eye and mouse
lungs and necrosis of rabbit skin (144, 257, 346, 347), and by itself
can induce pneumonia in mouse and rabbit models by recruiting
and lysing PMNs (145, 146). In a mouse model of soft tissue in-
fections with S. aureus, it was found that PVL caused muscle but
not skin injury. PVL-induced muscle injury was associated with
increased levels of the proinflammatory keratinocyte-derived
chemokine (KC), macrophage inflammatory protein 2 (MIP-2),
and chemokine (C-C motif) ligand 5 (CC5; also called RANTES);
TNF-� and IL-1� levels were unaffected (143). Animals that
showed more severe lesions induced by PVL also showed in-
creased MIP-2 and KC chemokine responses, showing that the
damage was induced by the inflammatory response rather than
directly by the toxin. Interestingly, animals that responded to PVL
with a stronger inflammatory response were better able to clear
the infections. Thus, there appears to be a trade-off between how
quickly the infection is removed and the amount of damage that is
caused to the host’s own tissue in the process (143).

S. aureus alpha-toxin and �-hemolysins (the toxins encoded by
the three-gene hlg locus) (Table 2) functioned redundantly in a
mouse model of septic arthritis, and when both PFTs were pres-
ent, IL-6 expression levels were significantly higher than when
both were absent (152). (IL-6 is an activator of osteoclasts, and its
release is correlated with joint damage in arthritis [152].) Alpha-
toxin appeared to be responsible in part for the typical arthritis
symptoms, inflammation, pannus formation, and cartilage de-
struction (153).

GAS SLO and S. aureus alpha-toxin cause degranulation of
mast cells. SLO is associated with a quick and transient skin in-
flammation in infected mice, whereas alpha-toxin induces a
chronic inflammation. Mast cells are required for SLO-induced
inflammation, but they limit the alpha-toxin-induced inflamma-
tory response. This difference is hypothesized to be caused by the
different pore sizes of SLO (a large-pore CDC) and alpha-toxin
(small-pore �-barrel PFT) (232).

When the hlg locus (�-hemolysins) was removed from the S.
aureus Newman strain, although the strain was attenuated, it was
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still able to produce strong inflammation in a rabbit corneal in-
fection model (167). A later study using the same model and S.
aureus Newman strain but also including an alpha-toxin mutant
found that alpha-toxin and �-hemolysins were required for full
virulence in a rabbit corneal infection model and were responsible
for inflammation and ocular damage. However, corneal erosion
was specifically associated with alpha-toxin, and an additional,
uncharacterized virulence factor was likely also present (154).
When purified F and S components of PVL and the �-hemolysins
(Table 2) were injected in various combinations intravitreally into
the rabbit eye, all caused inflammation, and to some extent necro-
sis, of the posterior and anterior chambers and conjunctiva, eye-
lids, and annexes. Although the speed and intensity of the effects
varied with the components, all cross-combinations between PVL
and �-hemolysin caused inflammation and necrosis. Pairs involv-
ing the �-hemolysin S component HlgA were most potent (257).
Loss of �-hemolysins in the methicillin-resistant S. aureus
(MRSA) strain USA300 did not lead to altered abscess formation
in a mouse skin infection model, but virulence to neutrophils was
reduced in vitro (168).

To study the effects of E. coli HlyA on immune responses, mice
were infected intraperitoneally with HlyA-positive and HlyA-neg-
ative E. coli strains. It was found that lethal infection with the
HlyA-positive strain caused a rise in (proinflammatory) IL-1�
and IL-1� levels but did not affect TNF-� levels (98, 348). No
changes in IL-1� and TNF-� were observed during infection with
an HlyA-negative (nonlethal) strain. In contrast, E. coli LPS
caused an increase of IL-1� as well as TNF-� (independent of
lethality), and inhibition of TNF-� activity prevented LPS-in-
duced lethality (348). However, inhibition of TNF-� activity
failed to prevent HlyA-mediated lethality (98, 348). Ex vivo, in the
lamina propria of human intestinal tissue, histamine secretion in
response to E. coli was HlyA dependent, consistent with an in-
creased degranulation of mast cells. This was also found in vitro,
where mast cell activation was dependent on Ca2� influx and p38
and ERK MAPKs (349). In renal epithelial cells in vitro, HlyA was
found to induce a constant, low-frequency calcium oscillation re-
sponse. This response was dependent on L-type calcium channels
and intracellular stores gated by inositol triphosphate, and it in-
duced IL-6 and IL-8 production (350). L. monocytogenes LLO sim-
ilarly induces calcium oscillations (110).

Nonpathogenic E. coli J198 transformed to produce a high,
moderate, or no level of HlyA was used for intraperitoneal chal-
lenge of rats. It was found that the presence of HlyA led to the
formation of more and larger abscesses, a drop of the intraperito-
neal pH (which remained unchanged in an infection with HlyA-
negative E. coli), reduced viability of leukocytes, lysis of erythro-
cytes, and an impaired host defense as measured by the ability to
remove other bacteria (Bacteroides fragilis) (99).

PRRs. TLR2 is considered the main PRR for Gram-positive bac-
teria. One study showed a role for TLR2, but not TLR4, in clear-
ance of S. pneumoniae infection (351). Another found that TLR2 is
mostly dispensable for antibacterial defense, although it was
found to play a role in the inflammatory response (352). In vitro,
PLY directly binds TLR4 (353), and TLR4 appears to recognize
other CDCs (ALO, PLY, LLO, SLO, and Clostridium perfringens
perfringolysin O [PFO]) as well (354, 355). PLY stimulates TNF-�
and IL-6 release from mouse macrophages, dependent on MyD88.
Loss of TLR4 caused a diminished response to purified PLY, and
TLR4 knockout mice were more susceptible than control mice to

lethal infection after intranasal colonization (354). However,
other studies found that TLR4 plays only a small role or is dispens-
able for the immune response to PLY (356, 357). In a mouse
model of pneumonia, PLY-deficient S. pneumoniae can infect
TLR2-deficient mice but not wild-type mice, consistent with a
model where loss of TLR2 can be compensated for by PLY-in-
duced TLR4 signaling (358). Nonetheless, the in vivo inflamma-
tory response to purified PLY does appear to involve both TLR2
and TLR4 (359). Intranasally administered purified PLY resulted
in inflammation in the lungs, i.e., an influx of neutrophils, release
of proinflammatory cytokines and chemokines, and increased
protein levels in bronchoalveolar lavage fluid (indicating barrier
dysfunction). This inflammation was dependent on TLR4 but
also, in part, on TLR2. At a low PLY dose, the level of inflamma-
tion was the same in wild-type, TLR2 knockout, and TLR4 knock-
out mice, and in all animals TNF-� and MIP-2 levels and total
protein were upregulated, while IL-6 and IL-1� remained un-
changed; KC was upregulated in control and TLR2 knockout mice
but not in TLR4 knockout animals. At a high PLY dose, control
animals showed macrophage and neutrophil influx, release of
IL-6, IL-1�, TNF-�, and KC (MIP-2 was unaltered here), and
increased total protein. In TLR4-deficient animals, fewer neutro-
phils, less IL-6, IL-1�, and KC, and lower total protein levels were
observed. TLR2 knockout mice showed lower IL-6, KC, and total
protein levels (359). TLR2 knockout mice exhibit a strongly re-
duced early inflammatory response during pneumonia caused by
wild-type as well as PLY-deficient bacteria (352). In a mouse
model of acute pneumonia, PLY promotes the production of the
cytokines IFN-� and IL-17A in the lungs, in a TLR4-independent
manner (357). Purified PLY also induces production of IL-6, KC,
and MIP-2. IL-6- and MIP-2-dependent influx of PMNs into the
bronchoalveolar compartment requires PLY’s cytotoxic proper-
ties (360).

A recent study found that sublytic concentrations of group B
streptococcus (GBS) �-hemolysin/cytolysin (�-h/c) inhibited
IL-12 and nitric oxide synthase 2 (NOS2) expression in mouse
primary macrophages (361). �-h/c also activated JNK and p38
MAPKs, independently of TLR2, TLR4, the NLR protein NOD2,
and the inflammasome. The suppression of proinflammatory
IL-12 is dependent upon p38-induced expression of anti-inflam-
matory IL-10, while JNK, ERK, and I�B kinase (IKK; an activator
of NF-�B) are dispensable for this effect. Although not affecting
macrophage invasion or viability, the presence of �-h/c allows
GBS to survive longer inside macrophages. Intraperitoneal infec-
tion with a wild-type or �-h/c mutant GBS strain in mice lacking
p38 specifically in neutrophils and macrophages was performed.
Surprisingly, loss of p38 in these cells increased the resistance of
mice against invasive GBS infection (361). This contrasts with, for
instance, the C. elegans-B. thuringiensis Cry5B model, where p38 is
required for host (cell) defense (see PFT Effects and Cellular De-
fense Mechanisms).

The inflammation caused by S. aureus PVL or its LukS subunit
was diminished in mice lacking cluster of differentiation 14
(CD14) and TLR2. In vitro experiments showed that PVL directly
bound TLR2 and induced inflammation independent of pore for-
mation (347).

Although TLR2 is the main receptor for Gram-positive bacte-
ria, there are some Gram-positive infections for which TLR2 is
dispensable. This phenomenon was studied in a mouse intraper-
itoneal infection model of L. monocytogenes. TLR2 knockout mice
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were found to respond normally to wild-type L. monocytogenes as
well as to purified LLO but showed an impaired neutrophil re-
sponse to LLO-deficient bacteria. Knockout mice for IL-1�, IL-18,
and MyD88, on the other hand, were equally defective in their
response to wild-type L. monocytogenes, LLO-deficient bacteria,
and purified PFT. This suggests that although neutrophil recruit-
ment in response to non-LLO bacterial factors is TLR2 dependent,
LLO triggers recruitment independently of TLR2, through both
MyD88-dependent and -independent pathways. Since the IL-1
receptor also uses MyD88 as an adaptor, it was suggested that an
IL-1�–IL-18 –MyD88 pathway, activated via the caspase-1-de-
pendent inflammasome, mediates this response to LLO. No role
for TLR4 was identified in the response to LLO (362).

V. cholerae VCC was found in vitro in mouse primary bone
marrow-derived mast cells to be an agonist of TLR2, but not TLR3
or TLR4, that induced cytokine production (including that of
IL-4, IL-6, and TNF-�) in a manner dependent on increased cy-
tosolic Ca2� (338).

Inflammasome. Compared to control mice in a pneumonia
model, NLRP3 knockout mice have a diminished ability to clear
an infection with PLY-deficient S. pneumoniae and are completely
incapable of clearing wild-type S. pneumoniae. In vitro, PLY
induces IL-1� dependent on potassium influx, NLRP3, and pha-
gosomal rupture. This suggests that during infection, NLRP3 pro-
tects against PLY-related aspects as well as against PLY-indepen-
dent factors (357). Similar results were found in a contemporary
study (363). IL-1� is also required for resistance to S. pneumoniae
infection in mice (364).

Caspase-1 activation and IL-1� secretion were induced in
macrophages by GAS, and they required expression of SLO. In
vivo experiments in mice showed that the NLRP3 inflammasome
is critical for IL-1� production but dispensable for survival in a
GAS peritoneal infection model. Data further indicated that
caspase-1 activation in response to GAS infection requires SLO
and NF-�B but not TLR signaling (365). In vivo, murine macro-
phage expression of the cytokines TNF-� and IL-1� was sup-
pressed by SLO (187).

In a mouse model of S. aureus pneumonia involving infection
via the buccal cavity or intratracheally, alpha-toxin was found to
induce IL-1� expression and acute pulmonary inflammation and
injury, and these effects were abolished in NLRP3-deficient mice
(366). The NLRP3 inflammasome did not control bacterial
growth and did not affect the severity of the pneumonia, as bac-
terial burdens, body temperature, and attracted neutrophils were
not influenced by inflammasome activity. IL-1 receptor-negative
mice still showed lung injury, indicating that IL-1� is not likely to
be responsible for this outcome (366).

Complement system. Independent of its cytotoxic properties,
S. pneumoniae PLY has the ability to activate the complement
system, which is thought to lead to a depletion of serum opsonic
activity (181). Intranasal challenge of mice with isogenic S. pneu-
moniae strains carrying point mutations in PLY to specifically tar-
get these two aspects showed that a defect in complement activa-
tion reduced virulence (including bacteremia) more strongly than
a defect in cytotoxicity did (182). PLY’s complement-activating
property functions to reduce the accumulation of T cells, whereas
its cytotoxicity increases neutrophil recruitment and contributes
to T-cell suppression; neither has a major effect on the accumula-
tion of B cells or macrophages (367). Simultaneously, PLY, aided
by pneumococcal surface protein A (PspA), appears to be able to

impair the complement system by inhibiting C3 deposition (368,
369).

Adaptive Immune Responses to PFTs

Several PFTs have been shown to be immunogenic, such as S.
pneumoniae PLY, S. aureus alpha-toxin, M. tuberculosis ESAT-6,
and L. monocytogenes LLO (370–373), but detailed studies on spe-
cific effects of PFTs on the adaptive immune system are scarce.

Acquired immunity to S. pneumoniae was long thought to be
mediated through B-cell production of antibodies against its cap-
sular polysaccharides but has more recently been found to be me-
diated mainly by major histocompatibility complex (MHC) class
II-positive, CD4-positive T cells, possibly through the effects of
PLY (351, 374, 375). T and B lymphocytes were found to be at-
tracted to the site of infection, and the absence of PLY caused
overall reduced bacterial growth as well as reduced recruitment of
lymphocytes in vivo (376). A clinical study of CD4-positive T cells
from previously exposed people showed that PLY, although not
immunodominant, causes a distinct proinflammatory, Th1 pro-
file of high IFN-�, IL-12, and IL-17 levels and low IL-10 and IL-13
levels (377).

The Th17 response seen in mice in response to S. aureus lung
infection is dependent, at least in part, upon alpha-toxin. Consis-
tently, host IL-23 levels were found to be upregulated specifically
in response to alpha-toxin in mice in vivo (also see “Other PFT
Functions and Effects”) (378).

In addition to being a major virulence factor of L. monocyto-
genes, LLO is a major immunogen, as it is the target of CD4 and
CD8 T-cell responses (379). However, when mice were inoculated
subcutaneously with L. monocytogenes, strongly increased prolif-
eration of CD4-positive T cells was observed with an LLO-nega-
tive strain, suggesting that LLO also plays a role in the inhibition of
the adaptive immune response (380). In vitro work suggests that
this inhibition likely occurs through the induction of apoptosis in
T cells by LLO and that LLO’s cytotoxic and immunogenic prop-
erties function independently (381, 382). It was found that during
infection of mice with an LLO-negative L. monocytogenes strain,
the production of antilisterial IgG and IgM antibodies takes place.
This antibody response, as well as that against unrelated immuno-
genic factors, is repressed when mice are infected with an isogenic
LLO-positive strain, indicating that LLO may downregulate the
humoral immune response (383). LLO and the LLO-dependent
escape of L. monocytogenes from the phagosome (see “Immune
Evasion”) are required to induce IFN-� expression, which induces
a Th1-dependent immune response, in vivo (384, 385). Despite
80% amino acid sequence identity with LLO, Listeria ivanovii
ivanolysin O (ILO) does not trigger IFN-� production, which may
be the reason that L. ivanovii cannot generate Th1-dependent pro-
tective immunity (385). ILO can nonetheless mostly fulfill LLO’s
role when transferred to L. monocytogenes (386).

PFT-Induced Barrier Dysfunction

An effect of PFTs that is often observed in vivo is a compromising
of epithelial and endothelial layer integrity (barrier dysfunction),
which can be caused by two mechanisms that are not mutually
exclusive. The first mechanism consists of direct damage to epi-
thelial or endothelial cells by the PFT, and the second consists of
indirect damage caused by PFT-induced inflammatory effects.
Often, however, the available data do not allow separation of these
two mechanisms. Effects of PFTs on the vasculature other than
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inducing barrier dysfunction are discussed in “Other Effects of
PFTs on the Vasculature.” Barrier dysfunction may result in the
spreading of bacteria or bacterial virulence factors and can cause
leakage of serum components into the affected tissues (e.g., the
lungs and the intestinal lumen).

Barrier dysfunction in the lungs. S. pneumoniae PLY-induced
pulmonary edema in murine lungs ex vivo and in vitro induced gap
formation between epithelial cells (387). Even at sublytic doses,
PLY is capable of triggering the lethal effects of pneumonia—the
destruction of lung tissue mediated by induction of apoptosis and
recruitment of PMNs to the site of infection (183). PLY’s cytotoxic
property appears to be responsible for neutrophil recruitment
(367). Purified PLY also caused increased alveolar epithelial per-
meability in mice after intratracheal administration. Coapplica-
tion of JI-34, a growth hormone-releasing hormone receptor ag-
onist, reduced this effect. JI-34 did not affect proinflammatory
cytokines or growth factors but did change the chemokine re-
sponse of PLY-treated mice (388). This supports a hypothesis
where JI-34’s protective effect is mediated through the induction
of cyclic AMP (cAMP), which in vitro was found to directly pro-
tect against PLY-induced changes in cellular Na� uptake and
membrane permeabilization (388). Purified PLY induced pulmo-
nary microvascular barrier dysfunction and severe pulmonary hy-
pertension in mice via direct toxic effects of PLY on the alveolus-
capillary barrier, independent of resident or recruited immune
cells (387, 389). Thus, it appears that PLY may cause barrier dys-
function via direct as well as indirect mechanisms. In a mouse
model, the host factor deubiquitinating enzyme cylindromatosis
(CYLD) mediates the PLY-induced barrier dysfunction (390)
(discussed further in “Hijacking of Host Factors”).

In a neonatal rabbit model of GBS pneumonia, the PFT �-h/c
was found to play a major role in breakdown of the pulmonary
barrier. Animals challenged intratracheally with wild-type GBS
showed increased bacterial loads, mortality, and bacteremia com-
pared to animals infected with a �-h/c knockout GBS strain. Ad-
ditionally, �-h/c was responsible for impaired lung compliance,
but the mechanism was not determined (176).

Intratracheal instillation of S. aureus PVL in rabbits causes ne-
crosis and edema of the lungs. PVL was shown to trigger increased
local levels of IL-8 and monocyte chemotactic protein 1 (MCP-1),
resulting in a more extensive PMN infiltration which is responsi-
ble for the observed necrosis, diffuse alveolar hemorrhage, and
pulmonary edema. These results are consistent with a role for PVL
in damaging the epithelium or endothelium (in this case indi-
rectly, via PMNs), perhaps allowing systemic spread of S. aureus
(145).

M. tuberculosis can invade pneumocytes, and ESAT-6 is pro-
posed to help M. tuberculosis adhere to the basolateral plasma
membrane, disrupt the cells, and allow dissemination through the
alveolar wall (284, 391).

Intravenous injection of C. perfringens ε-toxin in calves re-
sulted in a rapid (within 2 to 60 min) onset of neurological dys-
function (loss of consciousness, recumbency, convulsions, pad-
dling, opistothonus, hyperesthesia, and dyspnea) and led to acute
pulmonary edema. Histological examination further showed pro-
tein leakage in the brain, into the internal capsule, thalamus, and
cerebral white matter (81). The acute nature of these effects ap-
pears consistent with direct effects of the toxin on the affected
tissues rather than indirect effects mediated, for example, by the
immune system.

In vitro, a low dose of E. coli HlyA induced neutrophil apoptosis
via caspase-3 and -7, while a high dose caused necrosis. In a rat
pneumonia model, HlyA mediated neutrophil necrosis and lung
damage. Bronchoalveolar lavage yielded predominantly neutro-
phils, which appeared to be killed by necrosis in an HlyA-depen-
dent fashion. HlyA further caused reduced oxygenation, leakage
of albumin into the pulmonary compartment (barrier dysfunc-
tion), and histologically apparent damage to the lung tissue (100,
101). Additionally, HlyA was responsible for surfactant dysfunc-
tion, reducing the overall surface activity, which is a common
characteristic of pneumonia (101). (Surface activity is the ability
to lower surface tension, which increases pulmonary compliance
and prevents lung collapse.)

Barrier dysfunction in the brain. PLY is found in the cerebro-
spinal fluid of patients with S. pneumoniae meningitis (392). This
PFT plays a critical role in mouse and rat meningitis models, caus-
ing worsened clinical outcomes, weight loss, and bacteremia (177,
393–395). In a rabbit meningitis model, PLY was detectable in the
cerebrospinal fluid 24 h after intracisternal injection of S. pneu-
moniae, and in vitro data suggested that PLY-induced neurotoxic-
ity involves Ca2� influx and p38 MAPK activation in neuroblas-
toma cells (396). However, in an earlier study, it was found that
although it stimulated the inflammatory response, PLY was not
essential for virulence in this model (397). In a rat meningitis
model involving infection through intracisternal injection, PLY
did not affect the early kinetics of leukocyte influx and bacterial
growth in the cerebrospinal fluid (177). Rather, PLY appears to be
involved in breaching the endothelial layer, allowing S. pneu-
moniae to pass the blood-brain barrier (394, 398). The permanent
neurological damage associated with pneumococcal meningitis is
also caused at least in part by PLY. This is based on histological
observations in the rat meningitis model and on the fact that it
rapidly leads to extensive stabilization of microtubules, a known
cause of axonal transport inhibition and neuropathy, in rabbits
after intracisternal injection (177, 399). In a chinchilla model of
acute pneumococcal otitis media, PLY (as well as PspA) is re-
quired for the associated sensorineural hearing loss (400).

GBS �-h/c was found to have similar effects to those of PLY in
a rat neonatal meningitis model, i.e., it contributed to neuronal
damage, resulted in a worsened clinical outcome and weight loss,
and did not affect the early kinetics of leukocyte influx and bacte-
rial growth in the cerebrospinal fluid (177). As with PLY-deficient
S. pneumoniae, GBS lacking �-h/c showed reduced penetration of
the blood-brain barrier compared with isogenic, wild-type con-
trols in a mouse model of hematogenous streptococcal meningitis.
The level of penetration for the wild-type strains was furthermore
correlated with the amount of �-h/c produced by these strains.
Strains lacking the cylE gene, which is essential for the production
of �-h/c (172) (Table 2), still exhibited a significant level of pene-
tration, suggesting that additional, partially redundant factors
play a role (175).

C. perfringens ε-toxin is a highly toxic PFT that compromises
several barriers as it spreads during infection, from the intestine
via the bloodstream to the lungs, kidneys, and brain. Intoxication
with ε-toxin causes neurological disorders associated with in-
creased neurotransmitter release and neuronal cell death. ε-Toxin
also binds to capillary endothelial cells and affects the blood-brain
barrier. When mice were injected intravenously with labeled,
functional ε-toxin, it was found to accumulate on endothelia in
various organs, especially the kidneys and brain (401, 402). In the
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nervous system, ε-toxin associates with myelin structures (403).
Although the neurotoxic effects were initially hypothesized to be
caused by damage to brain blood vessels, later work showed that
ε-toxin is also able to directly attack brain oligodendrocytes (82).

Barrier dysfunction in the intestine. When S. aureus alpha-
toxin was injected into the mesenteric artery in a rat ex vivo ileum,
increased perfusion pressure and decreased mucosal hemoglobin
oxygen saturation were observed. Coadministration of adre-
nomedullin (a peptide that induces vasodilation via cAMP and
nitric oxide) abolished microvascular hyperpermeability and al-
pha-toxin-induced contraction of endothelial cells, as well as the
subsequent barrier dysfunction (404).

In an ex vivo mouse model, it was found that B. anthracis com-
promised the intestinal barrier function dependent on ALO, likely
via disrupting epithelial gap junctions, allowing passage of vege-
tative anthrax bacteria (405).

In piglet necrotic enteritis, C. perfringens �-toxin is an impor-
tant virulence factor that causes necrosis of the intestinal epithe-
lium and can lead to the disappearance of the brush border, which
exposes underlying tissue to attack by C. perfringens and can lead
to a �-toxin toxemia (77). �-Toxin was also found to be required
for C. perfringens-induced necrotic enteritis in rabbit ileal loops,
whereas PFO and (non-PFT) alpha-toxin were not (406). It is not
known whether this was caused by direct effects of the PFT on the
intestinal cells or indirectly, via, for example, the immune system.

In rabbit ex vivo ileal loops, V. cholerae VCC induces recruit-
ment of PMNs, vascular alterations (edema and dilation of lymph
vessels), necrosis and apoptosis of the epithelium, and congestion
of the mucosa, all likely contributing to barrier dysfunction (205).
Non-O1 and non-O139 serotype V. cholerae strains, which are
usually cholera toxin (CT) and toxin-coregulated pilus A (TcpA)
negative, can still cause watery diarrhea (205, 206). It was found
that in such strains VCC induces a CT-like effect on excised hu-
man intestine, in that it causes leakage of Cl� ions, resulting in an
outflow of Na� and water (206).

Barrier dysfunction in other tissues. After intraperitoneal in-
fection of mice, GAS lacking both SLO and streptolysin S (SLS)
resulted in reduced levels of resident macrophages, slower recruit-
ment of neutrophils to the site of infection, less severe tissue dam-
age, and decreased bacterial dissemination to the liver. These PFTs
likely trigger oncosis (programmed cell death) of macrophages,
which triggers an inflammatory response and attracts neutrophils
(188). SLO and SLS were also both found to contribute to the
formation of necrotic lesions in a mouse subcutaneous infection
model, although it is not clear whether this is a direct (PFT action
on epithelial cells) or indirect (mediated via, e.g., the immune
system) effect (189). In an ex vivo model of porcine vaginal mu-
cosa, purified GAS SLO and S. aureus alpha-toxin were both
found to damage mucosal epithelia, mediating penetration of
other virulence factors (190).

Isogenic S. aureus alpha-toxin deletion mutants cause smaller
skin lesions than those seen with wild-type USA300 and Newman
strains in mice. Alpha-toxin is further required for the infection to
lead to dermonecrosis (370).

The intravenously injected labeled C. perfringens ε-toxin men-
tioned above aggregated most strongly in the kidneys, where it
localized to vascular endothelia and renal distal tubules. The kid-
neys were the only organs where the labeled toxin also caused
macroscopic changes: histological examination showed the me-
dullae to be hemorrhagic, and degeneration of the distal tubules

was observed (402). Ex vivo work showed that C. perfringens
ε-toxin directly damages rat endothelial cells of the mesentery and
thus increases vessel wall permeability (407).

In a mouse model of E. coli ascending urinary tract infection,
HlyA was shown to cause shedding of the uroepithelial lining and
hemorrhage of the bladder, leading to the hypothesis that HlyA is
one of the major causes of the symptoms of cystitis in humans
infected with uropathogenic E. coli (UPEC) (102).

Other Effects of PFTs on the Vasculature

In addition to compromising endothelial barrier integrity, PFTs
can alter local or systemic blood pressure and perfusion and cause
ischemic necrosis. Like the case with barrier dysfunction, these
effects may be due to the PFTs affecting the endothelium directly
or indirectly, via PFT effects on other host cells.

Vasoconstriction, vasodilation, and alteration of blood pres-
sure. When ventilated, blood-free perfused murine lungs were
exposed intravascularly to S. pneumoniae PLY, a dose-dependent
increase in vascular resistance was found. Immunohistochemistry
showed that PLY was localized to the pulmonary arterial vessel,
which displayed vasoconstriction (363).

In a model for sepsis and septic shock, S. aureus alpha-toxin
and E. coli HlyA caused a strong coronary vasoconstrictive effect
in isolated rat hearts (408), by inducing the release of thrombox-
ane A2 (by alpha-toxin) or cysteinyl-leukotrienes (by HlyA)
(409). This effect was thus caused by these PFTs’ effects on eico-
sanoid production, not by direct endothelial damage (408), and
likely contributed to the reduced cardiac output and systemic hy-
potension observed with sepsis (244).

C. perfringens ε-toxin caused contraction of an isolated rat
aorta, and pharmacological experiments showed that this effect
was likely mediated by the nervous system (410). In live rats, in-
travenous injection of ε-toxin transiently increases systemic blood
pressure due to a vasoconstrictive effect on cutaneous vessels, but
it does not affect heart rate or electrocardiogram (ECG) results
(411). C. perfringens �-toxin also causes a transient increase in
systemic blood pressure in rats, but here the effects are accompa-
nied by an altered heart rate and a subsequent change of the ECG.
The increased blood pressure can be counteracted by coadminis-
tering alpha-adrenergic and ganglionic blocking agents, indicat-
ing that �-toxin’s effect is likely also neuronal and involves
catecholamines (412). Consistently, sensory nerve-mediated
mechanisms appear to be involved in �-toxin-induced plasma
extravasation (413). C. perfringens PFO was found to reduce blood
pressure and affect cardiac output, although not acting directly on
the heart, thus causing lethal shock in rabbits (414). However, this
could not be replicated in a different study (415). Intravenous
injection of purified Clostridium botulinum botulinolysin (BLY)
in rats caused a rapid drop in systemic blood pressure, which at
low toxin doses was transient (71). BLY induces this effect by
inhibiting acetylcholine-dependent relaxation of the aortic ring,
thus causing a local, coronary vasoconstriction (72). Clostridium
tetani tetanolysin also causes cardiac failure in mice and alters the
ECGs of rhesus monkeys (95).

Effects of E. coli HlyA on microvasculature have been re-
searched in an ex vivo rabbit ileum model. When low doses of
HlyA were administered via the mesenteric artery, a quick and
transient rise of blood pressure was observed (likely caused by
vasoconstriction), with a concomitant drop in mucosal oxygen
saturation. The homogeneous distribution of oxygen over the
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mucosa remained disrupted, causing an increase in the gap be-
tween mucosal and arterial CO2 partial pressures. In addition, an
increase in the levels of hemoglobin in the mucosa was observed,
as well as edema, which is suggestive of postcapillary vasoconstric-
tion and capillary leakage (barrier dysfunction) (416). The altered
oxygenation and CO2 pressure may serve to provide competitive
growth conditions for E. coli in the mucosa.

Comparable results with regard to blood pressure were found
in a prior ex vivo study where the effects of intravascular adminis-
tration of HlyA were investigated in blood-free perfused rabbit
lungs. In this case, a dose- and time-dependent release of throm-
boxane A2 and prostaglandin I2 into the circulating medium and
the bronchoalveolar space was observed. The vasoconstrictive po-
tency of thromboxane surpassed the vasodilatory effect of prosta-
glandin, as a net pulmonary hypertension was observed. The cir-
culating medium further showed increased levels of potassium
but not lactate dehydrogenase (LDH), indicating damage of cell
membranes but likely not cell death. Furthermore, severe pulmo-
nary edema was observed, which was independent of thrombox-
ane’s vasoconstrictive effect and was caused by increased perme-
ability of the vasculature. These findings mimic events during
acute respiratory failure in states of septicemia (417). When in
similar experiments the lungs were primed by preexposure to LPS,
the effects of HlyA on thromboxane release and blood pressure
were 15-fold more severe than those without priming, indicating
that the response to LPS, the release of TNF-� into the medium,
synergizes with the effects of HlyA (418). In vitro studies showed
that HlyA may be associated with E. coli outer membrane vesicles
(OMVs), which may also contain additional bacterial factors, sug-
gesting that such vesicles may alter cellular responses (419).

Vascular and ischemic necrosis. Extensive ischemic necrosis is
a primary feature of patients with GAS necrotizing fasciitis or
myonecrosis. In a rat model of GAS-induced myonecrosis, laser
Doppler flowmetry was used to assess the microcirculatory func-
tion following intramuscular injection of SLO, which revealed a
dose-dependent decrease in local tissue perfusion at the injection
site. Flow cytometry studies demonstrated a SLO-induced coag-
gregation of platelets and neutrophils, leading to the observed
microvascular obstruction (420).

In a human case of lethal necrotic enteritis, C. perfringens
�-toxin was found to be associated with the vascular endothelium,
indicating that it may have been responsible for the observed vas-
cular necrosis, similar to observations in infected piglets (421).
Intradermally injected �-toxin causes dermonecrosis and plasma
extravasation in mice. A histamine H1 receptor antagonist mark-
edly inhibited �-toxin-induced plasma extravasation. Further
data, however, suggested that �-toxin does not act on mast cells
directly, so rather than histamine release from skin mast cells, it
seems that sensory nerve-mediated mechanisms are involved in
plasma extravasation (413).

Clostridial myonecrosis, which can be caused by C. perfringens
and Clostridium septicum, is characterized by rapidly spreading
tissue necrosis accompanied by thrombosis and leukostasis. Al-
though PFO is not an essential virulence factor of C. perfringens, it
does play a role in this process. C. perfringens lacking both (non-
PFT) alpha-toxin and (PFT) PFO was essentially avirulent in a
mouse intravenous challenge model, whereas reconstitution of
either toxin led to the restoration of some (PFO) or most (alpha-
toxin) virulence characteristics. Restoration of only alpha-toxin to
the double mutant reconstituted most of the typical myonecrosis

features. Interestingly, restoration of only PFO subsequently led to
different virulence features, characterized by coagulative necrosis
that was apparently enhanced by vascular disruption (86). For C.
septicum, it has been shown that its ability to produce fulminant
myonecrosis in mice is dependent on (PFT) alpha-toxin (91)
(note that whereas C. perfringens alpha-toxin is not a PFT, C.
septicum alpha-toxin is). The typical leukostasis is also dependent
on C. septicum alpha-toxin. Whereas the paucity of leukocytes
during C. perfringens gas gangrene is due to vascular leukostasis
caused by the synergistic actions of alpha-toxin and PFO (see
above), this appears not to be the cause of the absence of leuko-
cytes during C. septicum myonecrosis. Instead, this absence is
likely caused by direct impairment of PMN function or by PMN
cytotoxicity (91). Results from a more recent study do suggest a
role for C. septicum alpha-toxin, in conjunction with other viru-
lence factors, in reducing vascular perfusion (92).

Immune Evasion

PFTs can help bacteria to evade the host immune system through
several mechanisms. First, the immune responses discussed above
may reflect effects that are beneficial to the bacterium or efficient
mobilizing of defenses by the host. Described here are alternative
mechanisms, which include direct cytotoxicity of PFTs toward
immune cells, a contribution of PFTs to infiltration and intracel-
lular survival in host cells, and the hijacking of host factors. Cyto-
toxicity may be due to direct lysing of cells through membrane
damage or via activating controlled cell death signaling pathways
(e.g., apoptosis); the mechanism cannot always be deduced from
the available data.

Cytotoxicity toward immune cells. During intraperitoneal in-
fection in mice, GAS SLO and SLS are responsible, among other
effects, for removing resident macrophages. In vitro, GAS strains
lacking either SLO or SLS were as lethal to macrophages as wild-
type bacteria; however, a double mutant lacking both PFTs
showed attenuated killing. In addition, purified SLO and SLS were
both cytotoxic to macrophages in vitro, indicating that they may
function redundantly (188). Consistent with redundant functions
for SLO and SLS, deletion of either did not influence host survival
in a mouse subcutaneous GAS infection model, and deletion of
SLO had only a small effect in an intraperitoneal infection model
(191). Furthermore, when the capsule, which protects GAS from
phagocytosis, was absent, loss of SLO completely attenuated kill-
ing, and loss of SLS significantly increased host survival (191),
indicating that both SLO and SLS contribute to evasion of phago-
cytosis and apparently are not redundant in this case.

In a zebrafish model of lethal necrotic myositis, an SLS-defi-
cient GAS strain was associated with decreased lethality and a
robust recruitment of neutrophils. In mice after subcutaneous
infection with GAS, SLS deficiency was associated with accelerated
extravasation of neutrophils, indicating that SLS inhibits neutro-
phil migration (195). However, intraperitoneal challenge of mice
with GAS showed that SLS was cytotoxic to newly recruited neu-
trophils, rather than inhibiting migration. In vitro, in primary
cells, the cytotoxicity appeared to be due to induction of apoptosis
(196).

GBS lacking the cylE gene (causing �-h/c deficiency) (Table 2)
was cleared more easily than wild-type bacteria from the mouse
bloodstream, human blood, and isolated macrophages and neu-
trophils. Persistence of GBS in the blood was linked to �-h/c’s
cytotoxic effects on phagocytes, as well as to a protective effect of
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the pigment granadaene to respiratory burst (i.e., the rapid release
of reactive oxygen species [ROS]) killing mechanisms (178). In a
zebrafish model, E. coli HlyA was found to be one of the major
determinants of extraintestinal pathogenic E. coli (ExPEC) infec-
tion, functioning to prevent eradication by phagocytes (103). The
ability to produce HlyA is coupled to a resistance of E. coli to the
bactericidal activity of human blood serum (422).

Alpha-toxin was found to be dispensable for the survival of S.
aureus USA300 in human blood; however, the toxin did specifi-
cally induce programmed cell death of monocytes, B cells, and T
cells (423).

Ex vivo and in vitro data show that B. anthracis ALO can acti-
vate TLR4 to induce macrophage apoptosis (354, 355).

In mice infected with S. aureus via the retro-orbital venous
plexus, LukED was found to contribute to bacterial replication by
directly killing phagocytes recruited to colonized sites. LukED-
deficient bacteria showed decreased growth in kidneys after 96 h
but not after 16 h. This indicates that these bacteria are not defec-
tive in colonizing the kidneys and that LukED is required for long-
term survival of S. aureus. Loss of LukED was further associated
with lower serum levels of IL-6 and granulocyte colony-stimulat-
ing factor (G-CSF), which are markers of inflammation. When
neutrophils were depleted, wild-type and LukED-deficient S. au-
reus strains showed similar levels of virulence, indicating that
these cells are a primary target of this PFT (164).

Intracellular survival of pathogens. Many bacterial pathogens
can invade host cells, which may aid in evasion of the host im-
mune system. For some of these pathogens, proof has been found
that PFTs are required for invasion or intracellular survival.

L. monocytogenes can propagate in and spread between many
host cells, thus allowing it to evade host immune defenses, and it
enters these cells via phagocytosis or induced uptake. The bacte-
rium then escapes from the phagosome and replicates in the host
cell cytosol, although replication in macrophage vacuoles has also
been observed (424, 425). LLO (as well as L. ivanovii ILO) appears
uniquely tailored to attack the membranes of phagosomes while
avoiding damage to the plasma membrane, thus facilitating the
virulence of L. monocytogenes. The compartmentalization of
LLO’s function is dependent on the pH of the milieu surrounding
the bacterium (10). LLO function is also regulated via reduction
by the host phagosomal enzyme gamma interferon-inducible lys-
osomal thiol reductase (GILT). GILT is responsible for the activa-
tion of LLO in vivo, and mice lacking GILT (and which are defi-
cient in generating MHC-II-restricted CD4-positive T-cell
responses to relevant protein antigens) are resistant to L. monocy-
togenes infection (426). Interestingly, PFTs from several other bac-
teria also allow L. monocytogenes to escape from phagosomes;
however, because these PFTs are not correctly regulated, they go
on to attack the plasma membranes of host cells, thus impairing L.
monocytogenes virulence in vivo (427, 428).

Note that L. monocytogenes is not an obligatorily intracellular
pathogen (429), and the finding that anti-LLO antibodies can af-
fect virulence may be consistent with a role for LLO in the extra-
cellular milieu (430), which is supported by in vitro findings (110,
431), as well as potentially by the experiments with purified LLO
described above. C. perfringens PFO has also been hypothesized to
help the bacterium escape from the phagosome, but this PFT
clearly has other functions as well (92), and hence a model where
a single PFT would fulfill these different roles is not novel.

M. tuberculosis is classically assumed to survive inside phago-

somes of host phagocytes. More recently, however, it has been
proposed to be able to escape into the cytosol (122), as has also
been observed for Mycobacterium marinum (432), in which this
depends on ESAT-6 (433). In this model, ESAT-6 could function
to help M. tuberculosis escape from phagosomes, like LLO for L.
monocytogenes. This suggestion is based on, among other things,
the in vitro findings that ESAT-6 and 10-kDa culture filtrate pro-
tein (CFP-10) can individually interact with artificial membranes
but together form a complex that prevents their membrane inter-
action. The ESAT-6 –CFP-10 complex is pH dependent and dis-
sociates at a low pH (such as in a phagosome), releasing ESAT-6 to
attack the phagosomal membrane, analogous to L. monocytogenes
LLO (122). ESAT-6-binding cofactors such as CFP-10 may thus
tailor its function for extracellular, intraphagosomal, or cytosolic
use, an idea supported by in vitro data (391), but this hypothesis
remains to be tested in vivo. Such a mechanism for M. tuberculosis
is further supported by the fact that M. tuberculosis needs ESAT-6
to spread between macrophages (although, in contrast to LLO, it is
not required for survival within the macrophage) (434). In an in
vivo M. marinum-zebrafish infection model, the RD1 locus, en-
coding ESAT-6 and CFP-10, is additionally required to cause mac-
rophage aggregation (granulomas), typically seen with tuberculo-
sis, and death of the infected tissue (120).

�-h/c promotes GBS survival inside macrophages (361) (also
see “Cytotoxicity toward immune cells”). Subcutaneous injection
of S. aureus results in the presence of live bacteria in mast cells.
Further in vitro experiments showed that internalization requires
alpha-toxin and may allow S. aureus to evade the immune system
(435).

Hijacking of Host Factors

In vivo in mice, the deubiquitinating enzyme CYLD is a negative
regulator of host survival during S. pneumoniae infection, by al-
lowing PLY-induced acute lung injury and bacterial translocation.
It was found that CYLD’s negative effect is based on a downregu-
lation of plasminogen activator inhibitor 1 (PAI-1) induction.
PAI-1 functions to reduce hemorrhage and is required for recov-
ery from local tissue injury. PAI-1 activation was found to func-
tion through MAPK kinase 3 (MKK3) and p38 MAPK, as well as
TLR4 and MyD88, but not through TLR2. Both S. pneumoniae
and purified PLY were able to cause phosphorylation of p38 in
vitro, and MKK3 was required in vivo for normal host survival
with S. pneumoniae expressing PLY and purified PLY, consistent
with an in vivo role for p38 in PLY defense (390). CYLD produc-
tion is also highly induced by PLY, so it appears that this PFT
hijacks a host factor (CYLD) to inhibit a host PFT defense pathway
(p38). In addition, CYLD appears to be responsible for PLY-in-
duced microvascular leakage (barrier dysfunction) (390).

The receptor for S. aureus alpha-toxin is A-disintegrin and met-
alloprotease 10 (ADAM10) (234). Disruption of this receptor in
the lung tissue makes mice resistant to lethal pneumonia. In vitro
work showed that ADAM10 is activated by alpha-toxin, as well as
by PLY and potentially other PFTs, and that its metalloprotease
activity leads to cleavage of E-cadherin and to epithelial barrier
disruption. Consistent with this, bronchoalveolar lavage after in
vivo infection with wild-type S. aureus showed a release of N-ter-
minal fragments of E-cadherin, whereas an alpha-toxin-deficient
mutant did not have this effect (436). When mice were treated
with a metalloprotease inhibitor, they survived an otherwise lethal
S. aureus lung infection and showed increased resistance to an
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intravenous challenge (436, 437). Thus, alpha-toxin causes barrier
dysfunction through hijacking of a host molecular pathway.

Infection of mice with L. monocytogenes caused an LLO-depen-
dent reduction of levels of Ubc9, an essential enzyme of the
SUMOylation machinery (a posttranslational protein modifica-
tion mechanism of eukaryotic cells, required for viability, that
involves small ubiquitin-like modifier [SUMO] proteins). This
result was found in vitro to extend to S. pneumoniae PLY and C.
perfringens PFO. Further in vitro data showed that L. monocyto-
genes inhibition of SUMOylation resulted in an attenuated trans-
forming growth factor beta (TGF-�) response and, consistent
with this, that overexpression of SUMOylation components led to
an increased resistance to bacterial invasion (111).

Other PFT Functions and Effects

Programmed cell death of nonimmune cells. As mentioned
above (see PFT Effects and Cellular Defense Mechanisms), pro-
grammed cell death forms an important aspect of the PFT re-
sponse in vitro. In vivo, PFTs have been found to induce pro-
grammed cell death, mainly apoptosis, on several occasions in
both immune cells (see “Immune Evasion”) and nonimmune
cells.

Apoptosis appears to protect against S. pneumoniae PLY-in-
duced lethality. PLY induces apoptosis in vivo in mouse airway
epithelial cells. Rather than being caused by pore formation, apop-
tosis appears to depend on a direct, physical interaction between
PLY and TLR4 but not TLR2, and TLR4-deficient mice show
strongly reduced levels of apoptosis. Additionally, a pan-caspase
inhibitor reduces this PLY-induced apoptosis, and inhibition of
apoptosis causes increased invasive disease in the mouse model,
resulting in increased lethality (353).

As mentioned in “Innate Immune Responses to PFTs,”
caspase-1 is activated by GAS SLO. Another study also found SLO
to induce macrophage apoptosis, partially dependent on
caspase-1, in vivo in a mouse model. The apoptosis protects GAS
from killing by macrophages and is required for full virulence
(187).

In addition to apoptotic effects on immune cells (see “Immune
Evasion”), GBS �-h/c causes apoptosis in rat neurons in vitro,
apparently independently of caspase activity (177), as well as in
vivo in rabbit hepatocytes, via caspase-3, in a sepsis model (179).

E. coli HlyA caused decreased expression of antiapoptotic bcl-x
as well as the proapoptotic factor Fas in vivo in a rat pneumonia
model. In this case, predominantly necrosis of neutrophils was
seen. In vitro, a low dose of HlyA caused caspase-3 and -7-depen-
dent apoptosis, while a high dose caused necrosis (100).

In human intestinal epithelial cells in vitro, V. cholerae VCC
induces apoptosis due to its anion channel activity and via
caspase-3, and in rabbit ileal loops ex vivo, it induces epithelial cell
apoptosis and necrosis (205).

Intracellular delivery of additional virulence factors. S. pneu-
moniae PLY may also alter host mucosal responses to other mi-
crobes during colonization. Colonization with PLY-expressing
but not PLY-deficient S. pneumoniae leads to synergistic proin-
flammatory signaling and neutrophil recruitment in the setting of
cocolonization with Haemophilus influenzae, and this effect pro-
motes interspecies competition (438, 439). Based on a combina-
tion of in vitro and in vivo studies, the enhancement of signaling is
thought to result from PLY allowing extracellular peptidoglycan
fragments to access the host cell cytoplasm, where they can be

detected by Nod-like receptors, in a pore-dependent manner (8,
440). Similarly, pneumococcal DNA enters airway epithelial and
dendritic cells in a PLY-dependent fashion and then stimulates
type I IFN signaling. IFN-�/� receptor null mice showed in-
creased nasal colonization with S. pneumoniae, indicating a role
for IFN signaling in the mucosal response to this pathogen (441).

B. anthracis PA is a PFT that allows the other components of
anthrax toxin, lethal factor (LF) and edema factor (EF), access to
the host cell cytosol (Table 2). Sometimes, however, models over-
simplify PFTs as delivery vehicles for other virulence factors. For
example, GAS SLO’s pore-forming capability was hypothesized to
function to translocate NAD-glycohydrolase (NADase), an im-
portant GAS virulence factor, across the host cell membrane (442,
443). This notion proved wrong when it was found that NADase
translocation is independent of pore formation, although still re-
quiring SLO, showing that SLO’s cytotoxic and translocation ac-
tivities can be separated (444).

Mucus production. Mucus production is an important part of
the response to S. pneumoniae infection, mediated by expression
of mucin genes. It has a defensive effect, but when produced in
quantities that are too large, mucus can cause obstruction of the
airways (445). In vitro, PLY is capable of upregulating expression
of the MUC5AC mucin gene via TNF-� and ERK- and p38
MAPK-dependent pathways. Furthermore, JNK MAPK acts as a
negative regulator of MUC5AC expression, and MAPK phospha-
tase 1 (MKP1) is a positive regulator of PLY-induced MUC5AC
expression via dephosphorylation of JNK. Consistent with this, it
was found in vivo in mice that S. pneumoniae upregulates expres-
sion of MUC5AC and MKP1 expression and that chemical inhi-
bition of JNK results in increased MUC5AC levels. These findings
indicate a tightly controlled regulation of mucus production, al-
lowing for a balance between its defensive effect and obstruction
of the airways (446).

Antimicrobial compounds. One aspect of the innate immune
response against bacterial pathogens entails the release of antimi-
crobial compounds. As mentioned above (see “Immune Eva-
sion”), the GBS pigment granadaene (Table 2) protects against
reactive oxygen species released by immune cells (178).

In mice infected intravenously, L. monocytogenes accumulates
in the liver, whereas an isogenic LLO mutant is mostly cleared
from the liver after 48 h. However, in mice lacking the NOX2
NADP (NADPH) oxidase (gp91phox or phagocyte oxidase), the
LLO deletion mutant is not cleared from the liver. NOX2 is re-
sponsible for the production of antimicrobial ROS. In primary
macrophages, LLO inhibits ROS production by blocking NOX2
localization to the phagosomes, thus promoting intracellular sur-
vival of Listeria (447).

ATP depletion. Phospholipid scramblase 1 (PLSCR1) was
identified in vitro as a candidate gene to mediate a protective effect
of IFN-� on cultured cells permeabilized by S. aureus alpha-toxin.
IFN-� was found to protect these cultured cells by reducing the
amount of ATP released extracellularly and allowing them to
maintain sufficient levels of intracellular ATP. In vivo, loss of
PLSCR1 increases sensitivity to alpha-toxin: PLSCR1 knockout
mice display difficulty in restoring disturbed body temperature
after inhaling alpha-toxin, and a significantly larger portion of
PLSCR1 knockout mice than heterozygous littermates succumb
to S. aureus infection (448).

Genomic responses to PFTs. Using a mouse model of lung
infection, host microarray analysis was performed on lung tissue
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after 4 and 24 h of infection with wild-type S. aureus or an alpha-
toxin knockout (378). Interestingly, at the 4-h time point, no dif-
ferences were found between genes up- or downregulated in re-
sponse to the wild-type and alpha-toxin knockout strains. After 24
h, however, 1,281 genes were differentially regulated (540 up- and
741 downregulated) in response to the two strains. Further anal-
ysis identified that pathways involved in the extracellular matrix
(consistent with the role for ADAM10 [see “Hijacking of host
factors”] and including collagens, integrins, and syndecans [see
“Other PFT Functions and Effects”]) and in cardiomyopathy were
specifically differentially regulated in response to alpha-toxin.
IL-23 and IL-6 were upregulated in an alpha-toxin-dependent
manner.

A genomewide RNA interference (RNAi) screen in C. elegans
identified 106 genes, or 0.5% of the genome, that are strongly
involved in defense against the B. thuringiensis PFT Cry5B (231).
Two MAPK pathways, p38 and JNK, were found to be at the center
of the genetic PFT response network formed by these genes. Mi-
croarray analyses further showed that JNK, but not p38, is a cen-
tral regulator of transcriptional PFT responses. Microarray anal-
ysis of C. elegans exposed to V. cholerae expressing or lacking VCC
(both lacking the cholera toxin) showed differential expression of
743 genes specifically in response to VCC. The induced genes in-
cluded C-type lectin genes, collagen genes, genes that function
downstream of the insulin/IGF-1 pathway transcription factor
gene daf-16 (see PFT Effects and Cellular Defense Mechanisms),
prion-like (Q/N-rich) domain protein genes, and genes that are
activated when the unfolded protein response (UPR) (see PFT
Effects and Cellular Defense Mechanisms) is blocked (449). One
hundred forty-four of these genes overlapped with those identi-
fied in the Cry5B microarray (231, 449).

Ectodomain shedding. Mice infected with B. anthracis showed
increased levels of syndecans in the systemic circulation. Synde-
cans are proteoglycans that function in cell spreading, adhesion,
motility, and maintenance of intercellular contacts. Experiments
in vitro showed that B. anthracis ALO induced syndecan shedding
(as did the non-PFT factors AnlB and CnlA), which was linked to
barrier dysfunction via disorganization of E-cadherin. The com-
bination of PA and LF, called lethal toxin, also caused syndecan
shedding, but to a lesser extent, and only when the components
were applied in combination. Shedding in response to ALO and
lethal toxin was dependent upon p38 MAPK activation (p38 is
normally upregulated by ALO and downregulated by LF), but
shedding induced by the non-PFT factors was independent of p38.
ALO-induced shedding was further dependent upon the MEK1/2
ERK pathway but not the JNK pathway (34). The Pseudomonas
aeruginosa elastase LasA has been shown to cause shedding of
syndecans from the host cell surface in vivo (450, 451), and S.
aureus alpha-toxin and �-toxin (sphingomyelinase) have been
show to cause syndecan shedding in vitro (452). Notably, cer-
amide produced by sphingomyelinase has been shown to mediate
the removal of PFT pores from the host cell plasma membrane
(326) and may contribute to shedding of IL-6 receptors (342) (see
PFT Effects and Cellular Defense Mechanisms and “Innate Im-
mune Responses to PFTs,” respectively). It has been hypothesized
that syndecan shedding benefits pathogenesis (451); however,
there are currently no data directly demonstrating this. It is also
unclear whether it is the increased amount of syndecans on
ectodomains, the decreased amount of syndecans on the cell sur-

face, or the associated barrier dysfunction (or more than one of
the above) that is relevant to infection or host defense.

Various B. thuringiensis Cry toxins were found to cause shed-
ding of GPI-anchored aminopeptidase and alkaline phosphatase
from plasma membranes of midgut epithelial cells of gypsy moths,
similar to the glycoprotein shedding induced by ALO and anthrax
toxin. This shedding apparently did not result from proteolysis
but was dependent upon cAMP and the ERK1/2 pathway, via
cleavage of the GPI anchor by an endogenous GPI-specific phos-
pholipase C (453), similar to what was found for B. anthracis (34).
Since aminopeptidase and alkaline phosphatase are receptors for
Cry toxins (454), the observed shedding may be a protective func-
tion that is under the control of the ERK1/2 (and p38) MAPK
pathway.

Effects on host colonization and bacterial growth. A number
of the studies reviewed in the sections above also provide data on
PFT contributions to host colonization and bacterial growth. Sev-
eral for which the data are clearly interpretable are listed in this
section.

After infection via intracisternal injection in a rat meningitis
model, PLY did not affect bacterial growth in the cerebrospinal
fluid (177), but it appears to be involved in breaching the blood-
brain barrier (394, 398). After intracerebral infection in mice,
however, PLY was dispensable for subsequent spreading to the
spleen (395).

In mouse models, PVL was found to contribute to muscle but
not skin injury after subcutaneous challenge with S. aureus. The
bacterial loads in the different lesions were similar, however,
showing that PVL does not cause increased bacterial growth (143).
After intranasal challenge of mice, a requirement for PVL for bac-
terial growth in the lungs and the blood was found, which corre-
lates with its complement-activating ability but not with its cyto-
toxic properties (182).

After intravenous inoculation into mice, LukED-deficient bac-
teria showed decreased growth in kidneys 96 h, but not 16 h, after
infection. LukED is thus required for long-term survival of S. au-
reus but not for breaching of endothelial barriers or colonization
(164).

In a neonatal rabbit model of GBS pneumonia involving intra-
tracheal installation, wild-type GBS caused increased bacterial
loads in the lungs and the blood compared to those seen with a
�-h/c knockout GBS strain (176). In a rat neonatal meningitis
model involving intracisternal injection, �-h/c did not affect the
early kinetics of bacterial growth in the cerebrospinal fluid (177)
and was required for efficient penetration of the blood-brain bar-
rier (175).

During intratracheal infection of rabbits with S. aureus, PVL
was found to be dispensable for initial colonization and bacterial
growth rates (145). In a rabbit bacteremia model involving intra-
venous injection, PVL was found to contribute to early bacterial
spreading to the kidney but not to bacterial growth at later time
points (147).

M. tuberculosis lacking ESAT-6 and CFP-10 or failing to secrete
these proteins initially showed decreased colonization of the lungs
of intravenously challenged mice after intratracheal infection.
Later in the infection, the growth rates caught up with those of
mutants that secreted the proteins normally, but host killing was
attenuated if ESAT-6 and CFP-10 were not secreted (124).

E. coli HlyA did not affect bacterial growth during the early
phase of infection in a rat ExPEC pneumonia model involving
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intratracheal installation (101). Similarly, in a mouse model of
ascending urinary tract infection, HlyA was found to have no in-
fluence on bacterial colonization of the bladder or kidneys after
intraurethral inoculation via a catheter (102).

In a mouse model, V. cholerae VCC and MARTX were found to
contribute to establishing a prolonged colonization of the small
intestine and were the main virulence factors causing lethality,
whereas CT and TcpA appeared not to be required for coloniza-
tion or lethality. It was suggested that after establishment of this
prolonged colonization, CT and TcpA cause diarrhea. In the ab-
sence of VCC or MARTX, the fractions of colonized mice were
smaller, but when colonization did take place in the absence of
either toxin, counts of recovered bacteria were similar to those for
control bacteria. Thus, VCC and MARTX contribute to coloniza-
tion of the intestinal lining but do not affect subsequent bacterial
growth. VCC was also found not to be responsible for bacterial
spreading to the spleen and liver in this model (207–209).

Thus, PFTs on some occasions are found to contribute specif-
ically to colonization or early stages of bacterial growth, while in
other studies no such effects are found, sometimes even for the
same PFT. Many experimental factors could influence these find-
ings, such as the host model, host immune status, and route of
infection (further discussed below).

CONCLUSIONS

Two Main Effects of PFTs during Infection

A condensed overview of regularly observed PFT effects is pro-
vided in Table 3. Generalizing the in vivo PFT data from the avail-
able literature described above, two broad results of PFT-induced
effects during in vivo infections become apparent. First, many PFT
effects result in compromised integrity of epithelial and endothe-
lial layers. Second, PFT action results in a disrupted immune re-
sponse. PFTs can contribute to the disruption of the host immune
response by (i) preventing the attraction of immune cells, (ii)
destroying immune cells (by direct lysis or by inducing pro-
grammed cell death), (iii) aiding bacterial invasion of host cells
and intracellular survival, and (iv) hijacking host molecular de-
fense pathways. PFTs can induce barrier dysfunction through (i)
direct attack of epithelial and endothelial cells, (ii) damage caused
by PFT-driven inflammation, (iii) local vascular effects (mediated
either by affecting endothelial cells directly or via modulation of
the nervous system), and (iv) the hijacking of host cell molecular
pathways that regulate the extracellular matrix. A schematic over-
view of the global pathogenic effects of PFTs in vivo is provided in
Fig. 3.

In vitro, differential effects of and host responses to PFTs that
form small pores and PFTs that form large pores have been ob-
served (229). From the in vivo data reviewed here, no such differ-
ences are obvious for the PFTs of the 10 pathogens that are the
focus of this article (Table 3).

The method and timing of PFT release into the extracellular
(from the bacterial viewpoint) milieu likely affect the role of PFTs
in pathogenesis. The vast majority of PFTs are actively secreted as
monomeric proteins into the extracellular milieu via one of the
many well-described bacterial secretion systems. However, there
are some unique mechanisms for toxin release and processing that
are worth noting. The E. coli hemolysin E (HlyE) toxin oligomer-
izes and forms active pore assemblies in bacterial OMVs prior to
their release from the bacterial cells (455). PLY distinguishes itself

from all other members of the CDC family by lacking a signal
peptide for export outside the cell (456, 457), and it was hypoth-
esized that PLY was confined to the bacterial cytoplasm unless
bacterial autolysis occurred (181). More recent data, however, in-
dicate that PLY can additionally be secreted from the cell, in which
case it appears to remain localized to the bacterial cell wall (458,
459). The precise export mechanism remains uncharacterized but
is known to depend upon domain 2 of PLY (460). LLO and ILO,
produced by Listeria spp., are released within host cells after bac-
terial invasion. This intracellular release is essential for bacterial
escape from the host cell phagosome, enabling further replication
and invasion of neighboring cells by these intracellular pathogens
(10, 461). Other PFTs are synthesized as inactive precursors re-
quiring additional processing or cofactors for activation. The
conversion to the active state may occur within the bacterial
cytoplasm prior to extracellular transport (HlyA) (462) or extra-
cellularly at the target cell surface (aerolysin) (463). The crystal
toxins produced by B. thuringiensis remain inactive until they are
ingested by the host, solubilized in the midgut, and further pro-
cessed by host proteases (464). The toxic effects of the staphylo-
coccal bicomponent leukocidins are dependent upon the recom-
bination of two distinct proteins (one each from the class S and
class F families of proteins) that remain inactive until both bind
the target cell surface (223).

Several of the 10 bacteria that are the focus of this review (Table
2) are not always pathogenic and can be harmless commensals. In
this situation, their PFTs may still have effects that give these bac-
teria a competitive edge over other species. Some examples are the
case of S. pneumoniae and H. influenzae, where synergistic inflam-
matory effects promote competition between the two species
(438, 439) (see “Other PFT Functions and Effects”), and the find-
ing that E. coli HlyA impairs the host defenses against B. fragilis
(99) (see “Innate Immune Responses to PFTs”). This is specula-
tive, however, and whether PFTs are also expressed in vivo under
nonpathogenic conditions, to our knowledge, remains to be de-
termined.

Induction of Barrier Dysfunction

Damage to epithelial and endothelial barriers is especially obvious
in pneumonia, where PFTs by themselves can cause the clinical
manifestations of the disease, as observed with S. pneumoniae PLY
(387, 389) and S. aureus PVL (145, 146). Examples of PFTs that
directly damage epithelial cells are GAS SLO, S. aureus alpha-toxin
(190), B. thuringiensis Cry5B (330), C. perfringens �-toxin (77)
and ε-toxin (81), and V. cholerae VCC (205, 206). Findings in vitro
for GAS, B. anthracis, and C. perfringens further support the no-
tion that PFTs induce barrier dysfunction (465–467).

PFTs can also kill epithelial cells by inducing programmed cell
death, as observed in vivo for S. pneumoniae PLY (183) and V.
cholerae VCC (205). Another factor that induces barrier dysfunc-
tion is the disruption of cell-cell junctions, as seen with S. aureus
alpha-toxin, and possibly PLY (436), and B. anthracis ALO (34,
405).

Also, in many cases, the PFT-induced damage to epithelia is
secondary, caused by the actions of neutrophils that are recruited
to the site of infection (described for S. pneumoniae PLY [183],
GAS SLO and SLS [188], S. aureus PVL [145, 146], and V. cholerae
VCC [205]) or by ischemic effects due to PFT-induced vascular
damage (Table 3). Several PFTs were found to affect the vascula-
ture (Table 3). These effects were either direct damage or damage
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caused by recruited PMNs, and in some cases they involved vaso-
constrictive effects and affected blood pressure. Local vasocon-
striction of coronary vessels may lead to myocardial infarction and
subsequent shock. The destruction of epithelia and endothelia and
the alteration of blood flow are also often responsible for the ne-
crotic lesions that can be associated with the bacterial infections
described here.

One main function of compromising epithelial barrier integrity
is to allow bacteria or their toxins access to the circulation and
other sections of the host body. A contribution of the PFT to
bacterial or toxin spreading was confirmed for S. pneumoniae PLY
(394, 398), GAS SLO and S. aureus alpha-toxin (190), S. aureus
PVL (147, 182), V. cholerae VCC (207), and GBS �-h/c (175).

The edema, reduced ventilation, and protein leakage resulting
from pneumonia-associated barrier dysfunction (see “PFT-In-
duced Barrier Dysfunction” and “Other Effects of PFTs on the
Vasculature”) or the altered local tissue oxygenation (as with E.
coli HlyA in the intestine [416] and lungs [100, 101]) may alter
local growth or competition conditions for the infecting bacteria.
In other cases, the purpose of cytotoxicity may be to extract spe-
cific nutrients. For example, E. coli HlyA destroys red blood cells in
vivo (99), and HlyA expression is known to be (inversely) con-
trolled by the availability of iron (468). Although these are attrac-
tive hypotheses, they often seem to be contradicted by in vivo data
(see “Other PFT Functions and Effects”). Exceptions and ambig-
uous findings exist (e.g., S. pneumoniae PLY and S. aureus PVL),
and the inconsistent use and definition of terms such as “coloni-

zation” and “initial growth” further complicate interpretation. An
additional caveat is that when PFTs are concluded to be required
for initial bacterial growth, an alternative explanation may in fact
be that the PFT is required to breach an anatomical barrier to
allow access to the site of colonization rather than to provide nu-
trients. In one study, the effect on M. tuberculosis growth of
ESAT-6 secretion was measured in the lungs, but the bacterium
was administered intravenously (124), so in fact the authors may
have measured a requirement for ESAT-6 to breach epithelial bar-
riers. Such situations may in fact account for discrepancies found
for some of these pathogens regarding a requirement for their
PFTs in colonization or early growth. In looking at the experimen-
tal methods for several (but not all) bacteria, the differences may
well have to do with the route of infection, i.e., whether or not the
bacteria need to pass an epithelial or endothelial layer to reach the
target organ. Among the examples listed in “Other PFT Functions
and Effects,” this is illustrated by S. aureus PVL (143, 182) and
GBS �-h/c (175–177). It thus appears that if PFTs damage host
cells with the express purpose of obtaining nutrients or altering
growth conditions, this is limited to establishing an infection or
affecting spreading.

Disruption of the Host Immune Response

PFTs have the ability to disrupt host immune responses. In some
cases, PFTs cause an exacerbated inflammatory response that
leads to extensive host tissue damage (e.g., with S. aureus PVL
[143]). In many cases, PFTs impair immune defenses, and this is

FIG 3 Overview of global in vivo effects of PFTs. Note that not all pathways are relevant to all toxins and hosts.
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accomplished through several different mechanisms. These in-
clude allowing bacteria to physically hide from the immune sys-
tem and survive phagocytosis (e.g., L. monocytogenes LLO [424,
425], M. tuberculosis ESAT-6 [122], GBS �-h/c [361], S. aureus
alpha-toxin [435], and C. perfringens PFO [92]), preventing the
activation of immune pathways (e.g., complement activation by S.
pneumoniae PLY [181] or inhibition of the IgG and IgM response
by LLO during L. monocytogenes infection [383]), and preventing
the actions of antimicrobial compounds (178, 447).

Another mechanism is decreasing or preventing the recruit-
ment of phagocytic cells to the site of infection (reported for GAS
SLO and SLS [188, 195]). However, in other cases, PFTs are in-
stead found to increase leukocyte infiltration (S. aureus PVL [145,
146], V. cholerae VCC [205], and GAS SLO and SLS [188]). PFTs
can induce programmed cell death in immune cells, seen in vivo or
ex vivo for GAS SLO (187), S. aureus alpha-toxin (423), B. anthra-
cis ALO (355), and Bordetella pertussis ACT (62) (Table 1) and in
vitro (among others) for GBS �-h/c (178), L. monocytogenes LLO
(10), M. tuberculosis ESAT-6 (123), and E. coli HlyA (100, 101).
Often, when a lack of leukocytes at the site of infection is observed,
the available data do not allow for distinction between reduced
recruitment and killing of recruited cells upon arrival. In addition,
as discussed for GAS SLS, which in mice inhibited neutrophil mi-
gration after subcutaneous infection (195) but was cytotoxic to
newly recruited neutrophils after intraperitoneal challenge (196)
(see “Immune Evasion”), the specific site of infection (or other
experimental factors) may influence which mechanism is used to
disable immune cells.

Host Pathways Involved in Defense against PFTs

Our current understanding of generalized host responses to bac-
terial PFTs comes largely from in vitro work and studies involving
the nematode Caenorhabditis elegans, and hence comprise mostly
cellular and innate immune defense mechanisms, as discussed in
PFT Effects and Cellular Defense Mechanisms. Important aspects
of cellular host defenses against PFTs in vitro are MAPK activa-
tion, activation of the inflammasome and programmed cell death
mechanisms, and activation of membrane repair mechanisms in-
volving the vesicle trafficking machinery. With the exception of
membrane repair mechanisms, which have not been determined
clearly in vivo except for in C. elegans (330), all of these mecha-
nisms were also identified in vivo in 1 or more of the 10 pathogens
discussed here (Table 2). A role in PFT defense, or at least PFT-
dependent activation, was seen for MAPKs with S. pneumoniae
PLY (p38) (390), GBS �-h/c (p38 and JNK) (361), B. anthracis
ALO (p38 and ERK) (34), and B. thuringiensis Cry toxins (p38 and
JNK) (231, 313). A role for the inflammasome was observed for S.
pneumoniae PLY (357, 363), S. aureus alpha-toxin (366), and pos-
sibly GAS SLO (365) and L. monocytogenes LLO (362). Pro-
grammed cell death was induced in vivo or ex vivo by several PFTs
(Table 3). Although in many cases the controlled cell death ap-
pears to benefit the pathogen, motivations for the host to trigger
apoptosis after PFT attack could include the preservation of tissue
structure by removing compromised cells. The fact that several of
the in vitro findings extend to in vivo models provides confidence
regarding their relevance to human infection.

With regard to PRRs and cytokines, no uniform response to
PFTs appears to exist, and published findings on occasion appear
to contradict each other (especially for TLR2- and TLR4-mediated
responses to S. pneumoniae and PLY). Both TLR2 and TLR4 have

been found to directly bind at least one PFT in vitro (S. aureus PVL
and S. pneumoniae PLY, respectively) (347, 353), and both have
been reported to be involved in the defense against PFT-mediated
aspects of infections (see “Innate Immune Responses to PFTs”).
The most-discussed proinflammatory cytokines are all upregu-
lated by several PFTs in vivo (seen for TNF-� by S. pneumoniae
PLY [359] and V. cholerae VCC [338], for IL-1� by PLY [359], E.
coli HlyA [98, 348], and S. aureus alpha-toxin [366], and for IL-6
by PLY [343, 354, 359, 360], S. aureus alpha-toxin and �-hemoly-
sins [152], and VCC [338]). TNF-� and IL-1� were both found to
be downregulated by GAS SLO (187). IL-1� is required for de-
fense against LLO-mediated effects during L. monocytogenes infec-
tion (362), and possibly against PLY-mediated effects (344, 364).

Two recent articles reviewed here add additional insight to the
general picture of host PFT defense mechanisms. The first is a
study showing that the GHRH agonist JI-34 increases host cell
cAMP levels, stabilizing the membrane during an attack by S.
pneumoniae PLY (388). The second found that TNF-�-dependent
PLSCR1 helps to maintain intracellular ATP levels while cells are
under attack by S. aureus alpha-toxin (448). Both mechanisms
involve adenosine phosphates, which may hint at an important
role for cellular energy levels (which would be consistent with the
fact that many metabolic genes were found to be expressed differ-
entially in C. elegans in response to B. thuringiensis Cry5B expo-
sure [231]) or (not mutually exclusive) a role for ATP- or cAMP-
dependent signaling pathways.

All in all, the exact mechanisms of action of these pathways, i.e.,
precisely how they exert their protective effects, remain mostly
unclear. In addition, much PFT research, especially in vitro stud-
ies, is performed using isolated or purified toxins. Experimental
doses used may be significantly higher than those observed during
an infection. Also, defense mechanisms may function differently
in the context of an intact pathogen (as with the hypoxia response
pathway, which helps C. elegans to defend against VCC but in-
creases its sensitivity to VCC-deficient V. cholerae [203]). An over-
view of known PFT defense pathways and mechanisms is provided
in Fig. 4.

Cautionary Notes

In vivo research on PFTs in several cases appears to be plagued by
inconsistencies. Many of these paradoxical findings, generally de-
bating the contribution of a PFT to virulence, are likely explained
by insufficient host specificity of the PFT, the use of different host
species, and the presence of redundantly functioning PFTs in the
bacterium. A prime example of this is S. aureus PVL, whose role in
virulence is surrounded by controversy. Introduction of PVL into
a laboratory S. aureus strain changed the expression of other vir-
ulence factors (143), but deletion of PVL from the USA300 and
USA400 clinical isolates had no influence on global gene expres-
sion (147). Experiments on mice and rabbits have usually con-
firmed a role for PVL in virulence (143, 145–149, 469), whereas
studies using rats and primates, and occasionally mice and rabbits,
have not identified a role for PVL in infection (155, 345, 470, 471).
Given the relative insensitivity of mouse and rat PMNs to PVL,
rabbits appear to be a better model for studying the effects of PVL,
as their PMNs are more sensitive to PVL, more closely resembling
the human situation (145). This is especially important because
PMNs seem to be a prime target of PVL. Many of the conflicting
findings regarding PVL’s role in virulence appear to be attribut-
able to details of the experimental setup, such as differences in
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susceptibility between the various animal models, genetic differ-
ences between hosts of the same species, and differences in the
concentrations of inocula used and in the route of infection (e.g.,
intravenous, subcutaneous, or intranasal). Importantly, most of
these studies did not account for the presence of other PFTs, such
as alpha-toxin and the �-hemolysins. These aspects of S. aureus
biology are the subject of a recent review article (472).

It follows from the above observations that results from animal
studies should be assessed with care with regard to their direct
relevance to human disease, since affinities of PFTs for different
hosts may affect the outcomes of studies (as with S. aureus PVL) or
completely change the way that bacteria behave (as with Bacillus
cereus, B. anthracis, and B. thuringiensis) (Table 2). Furthermore,
note that the majority (if not all) of the bacteria discussed here use
additional, non-PFT virulence factors, which may function syner-
gistically with PFTs. Such effects have been observed for PLY and
hyaluronidase during S. pneumoniae infection (473) and are anal-
ogous to the different subunits of multicomponent toxins such as
B. anthracis anthrax toxin and B. pertussis ACT (Tables 1 and 2).
Observed differences in an infection model between a PFT-posi-
tive and a PFT-negative bacterial strain may therefore be more
than just the effects of holes in host cell plasma membranes, e.g.,
the PFT may affect expression of other virulence factors, or the
PFT may give other factors access to the host cell cytosol. Addi-
tionally, bacteria likely possess different mechanisms through
which they can infect hosts and that may or may not function in
parallel. Which of the virulence mechanisms at its disposal that a
bacterial pathogen will employ likely depends upon factors such as
the host species and immune status.

PFTs as Targets for Antimicrobial Prophylactics and
Therapeutics

The large majority of newly introduced antibiotics over the last 50
years are variations on a few common core mechanisms. Thus, the
development of new scaffolds, narrower-spectrum or virulence-
targeted antimicrobial prophylactics and therapeutics, and com-
bination therapies is a requirement for the continued treatment of
increasingly resistant bacteria (1). The PFT class of virulence fac-
tors may thus be a candidate target, as a PFT-targeting compound
would fit several of these criteria. From this review, it is clear that
there are numerous commonalities between PFT-induced effects
during infections by different bacteria.

PFTs may be viable targets for vaccination against bacterial in-
fection, as observed, for instance, for S. pneumoniae, S. aureus, M.
tuberculosis, and L. monocytogenes (370–373). Although active im-
munization against ALO protected mice from purified ALO, it did
not protect them from B. anthracis infection (474). Thus, success-
ful immunization against a PFT is not always an effective vaccina-
tion against disease. Even if effective, a vaccine will function to
prevent infection involving only one specific PFT rather than be-
ing broadly applicable against many bacterial infections. Addi-
tionally, vaccines function exclusively to prevent disease, not to
cure. Other approaches to targeting PFTs are thus worth pursuing.

The disabling of PFTs may contribute to eradicating S. aureus
infection (475) and has been shown to inhibit cellular invasion by
GBS in vitro (476). Inhibiting the effects of PFTs on host epithelia
also increases survival of the host during S. pneumoniae infection
(436). Further examples are cyclodextrin derivatives, which can
disable B. anthracis PA pores and S. aureus alpha-toxin pores in

FIG 4 Overview of host pathways that are activated by PFTs. Note that not all pathways are relevant to all toxins and hosts.
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vitro and protect mice from killing by anthrax in vivo (477, 478),
and pore-dead PFTs or other compounds used as competitive
inhibitors of live PFTs (479, 480). Other, hypothetical mecha-
nisms include the administration of decoy membranes (330) and
methods to inhibit expression or release of PFTs. In the case of C.
elegans and B. thuringiensis Cry PFTs, the host even appears to
possess a native mechanism that functions as a competitive inter-
actor with the PFT receptor (481). Another class of drugs could
function specifically to boost host defenses. For example, known
defensive molecular pathways, such as MAPK pathways, could be
activated.

The various steps in the pore formation process, as outlined in
Fig. 1 and also including the multistep processing pathways some-
times required to activate PFTs (see “Two Main Effects of PFTs on
Infection”), may be potential intervention points for drugs. Addi-
tionally, PFT function could be targeted by counteracting the ef-
fects of PFTs (i.e., preventing loss of epithelial barrier function or
fortifying the immune system) or by specifically boosting or pre-
activating host defenses that neutralize PFTs. A recent study found
that barrier dysfunction in vitro induced by thrombin or hista-
mine was mediated via the tyrosine kinase Abl-related gene (Arg)
and could be prevented by administering imatinib, a drug used to
treat leukemia and gastrointestinal stromal cancers, which inhib-
its Arg. In vivo in mice, imatinib was able to protect against vas-
cular endothelial growth factor (VEGF)-induced vascular leakage
and pulmonary edema (482). Besides providing a lead for study-
ing mechanisms through which PFTs may induce barrier dysfunc-
tion, imatinib may be a compound to pursue in the search for
drugs that block specific PFT effects.

PFT-targeting drugs could help to limit the extent of infection,
aid in preventing systemic spreading when a localized infection is
present, and prevent PFT-mediated tissue destruction (e.g., in S.
pneumoniae or S. aureus pneumonia or clostridial myonecrosis).
Such drugs could also be used to prevent problematic nosocomial
infections (e.g., preventive administration during surgery or the
use of catheters). Additionally, the introduction of a novel class of
antimicrobial prophylactic or therapeutic agents would open up
possibilities for adjunctive therapy (e.g., coadministration with
existing antibiotics), which may result in synergistic effects. The
use of existing bactericidal antibiotics can lead to increased release
of PFTs from bacteria (as observed, for example, during treatment
of S. pneumoniae infection [392]), and adjunctive therapy could
also limit the damage caused by the released PFTs (e.g., in line with
the S. pneumoniae example, anti-PLY antibodies can limit PLY
effects [483], and administration of antibodies that inhibit B. an-
thracis ALO’s cytotoxic properties have a protective effect in B.
anthracis-infected mice [484]).

Suggestions for Future Research

Based on the work reviewed here and our conclusions, we put
forward several suggestions with regard to future PFT studies.
First of all, with regard to the technical aspects of PFT research, we
feel that the notion of PFTs as unique, individually operating vir-
ulence factors needs to be revised. Rather, PFTs should be studied
as a class of toxins, with a focus on the common ground between
different PFTs. As we hope has become clear from this review,
PFTs are widespread among bacterial pathogens and share several
core functions and effects. Also, and following from the above,
different PFTs within a single pathogen are likely to function (at
least partially) redundantly. Therefore, using the classical ap-

proach of excising a single virulence factor to study its function
may cause aspects of PFT functions to remain obscured, as these
may be masked by other, functionally redundant PFTs expressed
by the same pathogen. Additionally, for several PFTs, it has be-
come clear that the host specificity of the toxins and the choice of
model organisms strongly influence study outcomes. Thus, in vivo
PFT studies will benefit from a careful assessment of the applica-
bility of specific host animals to model PFT function during hu-
man infection.

It is our opinion that the goals for future PFT research should be
2-fold. First, there are currently many holes in our knowledge that
warrant further fundamental studies, most notably the detailed
workings of host defense mechanisms and the generalization, or
cross-species translation, of PFT functions in pathogenesis. Such
research could focus on testing the general applicability of hy-
potheses such as those outlined in this review to other important,
PFT-wielding human pathogens, using multiple host systems. For
example, future PFT studies could incorporate such outcomes as
whether levels of syndecans and shed membrane proteins are ele-
vated in host blood or lavage fluid, whether PFTs aid in epithelial
barrier dysfunction and bacterial spreading, which of the com-
mon host responses occur, and so on.

As outlined in the previous section, novel drugs specifically tar-
geting PFT function are worth pursuing in the development of
new classes of antimicrobial therapeutics and will likely be com-
pletely independent in function and structure from any current
class of antibiotics. Second, therefore, applied research should fo-
cus on finding novel treatments that impair PFTs from a broad
range of bacterial pathogens so that we may continue treating
bacterial infectious diseases in the future.
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